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Abstract: The reaction of hexacyano-
butadiene (HCBD) and meso-tetra-
kis(4-chlorophenyl)porphinatomanga-
nese(1)) pyridine [Mn"TCIPPpy] (1Cl)
leads to two phases of [Mn""TCIPPpy]-
[HCBD]-PhMe (a-2Clpy, pS-2Clpy).
Similarly, the reaction of HCBD and
tetrakis(4-bromophenyl)porphinato-
manganese(t1) pyridine [Mn'TBrPPpy]
(1Br) leads to two products
[Mn""TBrPPpy|[HCBD] - PhMe (2 Brpy)
and [Mn™'TBrPP][HCBD]:2PhMe
(3Br). The structure of dark-green a-
2Clpy consists of one porphyrin unit
with Mn'! in a square pyramidal coor-
dination environment axially bound to
one pyridine. The cation forms
[Mn"'"TCIPPpy],?* as cofacial dimerized
porphyrins. Each [HCBD]~ is nonpla-
nar with a torsion angle of 170.8(4)°
about the center C—C bound, and forms
[HCBD],?~ dimers in the solid state with

sub-van der Waals contacts of 3.325 and
3.340 A. The magnetic data above 10 K
obey the Curie — Weiss expression with a
0 of —2.5 K, and p (300 K) =4.91 uy as
expected for S=2Mn"" and S=0
[HCBD],’>~. The magnetic data for a-
2Clpy can be fit with an zero-field-
splitting D of —1.45 K. -2 Clpy consists
of one porphyrin unit with Mn™! in a
distorted octahedral coordination envi-
ronment axially bound to py and to a
monodentate [HCBD]*~ bound via an
exo-nitrile. [HCBD] "~ is nonplanar with
a torsion angle of 169.7(5)° about the
center C—C bound. The u.; (350 K) is
5.09 ug; however, the magnetic data do
not obey the Curie—Weiss expression
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above 70 K. The low temperature data
may be fit with a 6 of —5.4 K. The data
was modeled to an isolated S=2 and
S =1 dinuclear spin system with J/kg =
—90 K. Decomposition of [HCBD]~ to
[C4(CN)sO]~ was evidenced by the de-
termination of the structure of
[Mn™TCIPP][C,(CN);O]-2PhMe (3CI-
0). Crystals of 3CI-O were prepared by
reaction of HCBD and 1Cl in the
presence of a drop of water. The molec-
ular structure consists of [HCBD]'~
trans-u-N-2,3-bound to [Mn"™TBrPP]*
forming a 1-D coordination polymer
of alternating [MnTBrPP]* and
[HCBD]*~. The intrachain Mn-:-Mn
distance was 10.675(3) A, with impor-
tant interchain Mn-.-Mn distances of
10.832, 11.016, and 14.696 A. The mag-
netic data were fit to a Curie — Weiss law
(10< T<290 K) with a 6 of —3.5K, and
D =0.3 K with u.;=4.97 ug at 300 K.

Introduction

The discovery of bulk
[MnTPP]*[TCNE]*~-2PhMe
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magnetic  ordering in
(H,TPP = meso-tetraphenyl-
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porphyrin, TCNE = tetracyanoethylene) below its magnetic
ordering temperature 7, of 15 K[ has led to a family of
related magnets.”! One aspect of current research focuses on
exploring other organic acceptors with substituted fetra-
phenylporphyrins to establish relationships between the
structure and the magnetic phenomena, particularly in the
correlation of dimensionality, connectivity, and the critical
temperature of this class material.

Hexacyanobutadiene (HCBD) is a strong organic accept-
ol (E°=0.60eV vs. SCE),™ that forms 1-D:.-
D*A*"D*A" ... chains with metallomacrocycles binding in
two motifs either trans-u-endo-N-o-bound (A) exemplified
by [Mn"'OEP][HCBD] (H,OEP = octaethylporphyrin) or
trans-u-2,3-N-o-bound (B) exemplified by [Mn"'T/BuPP]-
[HCBD] (H,TtBuPP = meso-tetrakis(4-tetrabutylphenyl)por-
phyrin).’l The complexes exhibit very different magnetic
couplings ascribed to the differences in the spin density
located on the endo (A) and interior (B) nitrogens.
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As a result, the spin overlap describing the coupling is
substantially diminished for interior-bound [HCBD]'~, in
accord with the low 6 value obtained from a fit of the
magnetic susceptibility to the Curie—Weiss expression of
—15 K for [MnT/BuPP][HCBD]," and a substantially higher
0 value of 67 K for [MnOEP][HCBD]. Due to the ease of
modifying the porphyrin structure, we are studying electron-
transfer salts of substituted-Mn""TPP complexes with HCBD
to identify factors responsible for differences in [HCBD] -
binding and subsequent magnetic coupling. Herein, we report
the structural, chemical, magnetic, and thermal properties
of several HCBD electron transfer salts with meso-
tetrakis(4-chlorophenyl)porphinatomanganese()  pyridine
[Mn"TCIPPpy] (1Clpy), and meso-tetrakis(4-bromophenyl)-
porphinatomanganese(t1) pyridine [Mn"TBrPPpy]| (1Br).

X X

QL I

(o = Q

X X
1CI (X = Cl), MnITCIPPpy

1Br (X = Br), MnlITBrPPpy

Results and Discussion

The reaction of [Mn'TXPPpy] [X=Cl (1Cl), Br (1Br)] and
HCBD leads to the isolation of dark green a-2 Clpy, -2 Clpy,
and 2 Brpy, after 2d. 7y absorptions of 2185 (m), 2170 (s), and
2128 (m) cm™! occur for -2 Clpy, and 2185 (m), 2170 (s), 2153
(m) cm™! for both B-2Clpy and 2Brpy. These vy IR
absorptions are consistent with each other and other known
[HCBD] - salts that range from 2150 to 2230 cm~[% 7 but are
inconsistent with either [HCBD]*~ (2120 to 2200 cm™!) or
HCBD (2210 to 2250 cm ).l Nonetheless, these values
are inconsistent both unbound [HCBD]'~, such as
[FeCp*,][HCBD]  (Cp* =pentamethylcyclo-pentadienide)
[2185 (s) and 2168 (m) cm~!],®] or either mode of trans-N-o-
bound [HCBD]*~ (A or B).*3 The ¥y for «-2Clpy is
inconsistent with known [HCBD]'~ complexes.>71 The
2128 cm~! absorption suggests a new structural arrangement
for reduced HCBD.

When the reaction mixture of 2Brpy is left standing for
about three weeks a block-crystal product, 3Br, is isolated.
The 7y absorptions for 3Br are 2228 (m), 2212 (s), and 2189
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(m) ecm~LI These absorptions appear at significantly higher
frequency than 2 Clpy and 2 Brpy, but are within the range of
known bound [HCBD] "~ anions.[> 7]

Thermogravimetric analysis coupled with mass spectrosco-
py (TGA/MS) studies reveal weight losses of ~14.5% for a-
and #-2Clpy and 18.9% for 2Brpy in accord with the loss of
one toluene and one pyridine in the former (caled 14.6 %) and
two toluenes and one pyridine in the latter (caled 19.0 % ). The
TGA/MS spectrum of 3Br shows a weight loss between 100
and 180°C of 14.0% (calcd 14.0%), due to the loss of 2.10
toluene with no evidence of pyridine in the mass spectrum.

Attempts to grow single crystals of 3Cl upon long
standing led to isolation of a fourth product characterized
as [Mn™TCIPP][C,(CN);O]-2PhMe (3CI-O). As with
[TCNE] -, [HCBD] ¥ is unstable in aerobic and aqueous
environments, and can decompose to [OC(CN)C(CN)-
C(CN)C(CN),]~. Although the structures of several tricya-
noethenolate coordination complexes have been reported, ']
this is the first reported structure of the pentacyanobutadi-
enolate anion. The presence of [C4,(CN)s;O]~ can be ascertained
from the IR spectra which exhibits distinct 7y absorptions of
2235 (w) (sh), 2226 (m), and 2218 (m) cm™' and 7o 1557
(s) cm~!in accord with 2219 (m), 2196 (w), and 1558 (s) cm™!
Pen absorptions for [MnTOMePP][C,(CN);0].1"

Complex 3Br can also be prepared directly by using excess
HCBD rather than a stoichiometric mixture, or by replacing
pyridine with weaker coordinating 2-methylpyridine and 2,6-
dimethylpyridine ligands in the Mn"TXPP starting material.
In both cases a black precipitate is isolated in 24 h with its
characteristic IR absorptions.

Crystal structures: «a-2Clpy is composed of one
[Mn™'TCIPPpy]*, D, one [HCBD]*~, A, and one toluene
solvate per repeat unit (Figure 1). Each Mn'"! is surrounded by
five nitrogen atoms (four porphyrinic and one from pyridine)
in a distorted square pyramidal geometry with Mn—N ..
bond distanc?s averaging 2.007 A and a Mn—N, ;4 distance
of 2.316(8) A. The porphyrin macrocycle is significantly
distorted adopting a saddle conformation. Furthermore, the
Mn is displaced from the mean pyrrole-N, plane by 0.53 A.
This nonplanar geometry has also been observed several TPP
derivatives,["!l such as [MnTPP][C;(CN);].[''l The bond dis-
tances and angles of the [HCBD]'~ are summarized in
Table 1. The C—C bond distances for the C, backbone range
from 1.384(6) to 1.402(6) A averaging 1.391(6) A in good
agreement with predicted values for bond order of 1.5
expected for [HCBD] . The C—CN bond distances for the
exo-, endo- and interior position range from 1.410(6) to
1.464(5) A averaging 1.422 A. These data are in good
agreement with [MnT/BuPP][HCBD] (1.445A)" and
[MnOEP][HCBD] (1.433 A).[¥ These data are less than that
found for either with [MnT/BuPP][HCBD] (1.445 A)B or
[MnOEP][HCBD] (1.433 A).# The CN bond distances for the
exo-, endo- and interior positions range from 1.139(5) to
1.167(5), and average 1.156 A. The N-C-C bond angles
average 175.1°, whereas the NC-C-C bond angles average
121.2°. The most surprising structural feature of [HCBD] ™ is
the pronounced torsion angle along the C, backbone of
170.8(4)°. Previously, the reported structure of described a
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Figure 1. ORTEP diagram drawn at 30 % probability of a-[MnTCIPPpy][HCBD]:PhMe (a-2 Clpy).

twisted conformation; however, the twist was much more
pronounced (40°) then the present case.[’]

The structure of @-2Clpy consists of cofacial -
[Mn"'TCIPPpy],?* cations separated by t [HCBD],>~ dimers
(Figure 2). The cofacial ni-[Mn™TCIPPpy]* intradimer sepa-
ration is 4.10, while the Mn—Mn separation is 5.41 A. The

—
I 3.325 3.40

Figure 2. Molecular structure of «-[MnTCIPPpy][HCBD]:-PhMe (a-
2Clpy) and dimer stacking arrangement. The solvent and hydrogen atoms
have been removed for clarity.

Table 1. Summary of the bond distances, A, and bond angles of the [HCBD]"~.

[HCBD],*~ intradimer separation
ranges from 3.325 to 3.401 A. Al-
though there are a number of
cofacial t porphyrin dimers,'? this
is the first example of a dimerized
[HCBD],>~. Several HCBD elec-
tron transfer salts have been char-
acterized  crystallographically.l®!
Generally [HCBD]~ is isolated
as observed for [TMTTF]-
[HCBD]!3  (TMTTF = tetrame-
thyltetrathiafulvalene) and [Fe-
(CsMes),|[HCBD],®  but  may
bridge two metal sites, as observed
for  [MnOEP][HCBD]|¥  and
[Mn"T/BuPP][HCBD].®! The =
overlap present for [HCBD],>~ is
limited to ¥ of the [HCBD]"~ ion,
the C,(CN); moiety, and may be
the origin of the deviation form the
mean plane observed in the C, backbone. Hence, [HCBD],>~
is neither eclipsed like previously reported for several
[TCNE],>~ complexes,'¥ nor slipped as observed for
[TCNQJ,>~ (TCNQ =17,7,8,8-tetracyano-p-quinodimethane)
dimers.’s) The closest n-[HCBD],2~ contact is 3.325 A be-
tween N(10) and C(54) with other close contacts averaging
3.340 A. The observed intradimer distances are consistent
with other dimerized cyanocarbons, for example the a- and f5-
phase of [TTF][TCNE]!" (TTF = tetrathiafulvalene) which
exhibit intradimer distances of 3.39 and 3.26 A, respectively,
but longer than those found in Cu(PPh;)TCNE!] (3.149 A)
or [Cr(C¢Hy),][TCNE]“d (3,09 A). Preliminary ab initio
calculations at the UHF level suggest a singlet ground state
with a singlet —triplet energy gap is ~ 65 kcalmol 'l consis-
tent with no contribution to the magnetic moment (vide
infra).

B-2Clpy, like a-2Clpy, is comprised of [Mn™TCIPPpy]*+-
[HCBD]~, and one toluene solvate (Figure3). A slight
rotational disorder was observed in the toluene solvate and
was subsequently modeled as a flat hexagon. Unlike for a-
2 Clpy, the Mn'! occupies a distorted octahedral coordination

a-2Cl p2ql 3Br 3Cl0
Mn(1)-N(5) 1.992(7) Mn(1)-N(5) 1.993(4) Mn(1)-N(1) 2.009(3) Mn(1)-N(1) 2.033(6)
Mn(1)-N(4) 2.003(7) Mn(1)-N(4) 2.004(4) Mn(1)-N(2) 2.004(3) Mn(2)-N(4) 2.023(7)
Mn(1)-N(1) 2.316(8) Mn(1)-N(11) (Py) 2.281(4) Mn(1)-N(5)HCBD 2216(3) Mn(1)-N(300) 2.315(6)
Mn(1)-N(1) (HCBD) 2.506(5) Mn(2)-O(1) 2.279(5)
N(1)-C(1) 1.131(13) N(1)-C(1) 1.152(8) N(8)-C(53) 1.160(5) N(302)-C(303) -
N(2)-C(7) 1.138(1) N(9)-C(56) 1.167(5) N(300)—C(300) 1.141(10)
N(2)-C(4) 1.02(2) N(3)-C(8) 1.128(8) N(6)—C(50) 1.143(5) N(303)-C(302) 1.149(5)
N(4)-C(9) 1.137(10) N(11)-C(59) 1.139(5) N(301)-C(301) 1.30(1)
N(3)-C(5) 1.072(14) N(5)-C(6) 1.127(12) N(7)-C(52) 1.164(5) N(304)-C(305) 1.157(11)
N(6)—C(10) 1.146(10) N(10)-C(57) 1.157(5)
C(1)-C(2) 1.510(19) C(2)-C(3) 1.442(10) C(53)-C(54) 1.459(5) C(303)-C(307) 1.46(1)
C(4)-C(5) 1.418(10) C(56)—C(55) 1.464(5) C(300)—C(308) 1.41(1)
C(2)-C(2) 1.39(2) C(3)-C(4) 1.378(10) C(54)-C(55) 1.386(5) C(307)-C(308) 1.42(1)
C(2)-C(3) 1.20(2) c(1)-C(2) 1.415(9) C(54)-C(51) 1.402(6) C(304)-C(308) 1.405(10)
C(3)-C(8) 1.453(8) C(55)-C(58) 1.384(6) C(306)-C(307) 1.383(13)
Chem. Eur. J. 2000, 6, No. 10 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000 0947-6539/00/0610-1813 $ 17.50+.50/0 1813
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Figure 3. ORTEP diagram drawn at 30%

probability of -
[MnTCIPPpy][HCBD]-PhMe (#-2Cl). Hydrogen atoms and toluene
solvate have been omitted for clarity.

environment with pyridine and [HCBD] '~ occupying axial
coordination sites. Mn—N,,nin distance average 2.000 A,
with the other bond angles and distances being typical of
[Mn™TPP]* cations (see Table 1).['2 10117 The Mn—Nyepp
bond distance of 2.506 A is significantly longer than those
for [MnOEP][HCBD] (2.419 A),* [Mn"'T{BuPP][HCBD]
(2306 A), and [MnTPP][TCNE] complexes.’! On the other
hand, the Mn—N,, bond distance of B-2Clpy is 2.281 A,
significantly shorter than the Mn—Ny,¢pp, distance, but close to
the Mn—N,, distance of @-2Clpy (2.216 A). The [HCBD]*~
anion is significantly twisted with a center C, backbone
dihedral angle of 169.7° in agreement with a-2 Clpy (170.8°).
Unlike previous [MnTPP][HCBD] complexes that coordinate
to interior nitriles, #-2 Clpy binds to the exo-nitrile. Further-
more, in addition to the long Mn—N distance, the 121.1° Mn-
N-C bond angle suggests dominate sp? bonding interaction is
through the lone pair on nitrogen, 4, whereas in [HCBD] -
chain complexes of MnTPP derivative bond angles approach
180°, which suggests a m-type bonding mode.

The packing motif of -2 Clpy consists of parallel chains of
[MnTCIPPpy][HCBD] along c. Due to this stacking arrange-
ment porphyrin units stack such that the [HCBD] = are on
opposite sides of each porphyrin. These chains are separated
by toluene solvates. No close contacts were observed in the
crystal lattice, and intermolecular Mn---Mn distances were
mostly of 9.0 A.

Complex 3Br has one-half of an ordered [Mn!'TBrPP]",
one-half of a disordered [HCBD]"~, and an ordered toluene
solvate where the cation and anion occupy special positions
(center of inversion) in the unit cell with an ordered toluene
(Figure 4). The [HCBD] "~ disorder could not be resolved;
however, it is believed to be rotationally disordered along

1814

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

Figure 4. ORTEP  diagram drawn at 30%  probability of
[MnTBrPP][HCBD]-2PhMe (3Br). Hydrogen atoms and toluene solvate
have been omitted for clarity.

C,backbone as observed for [FeCp*,|[HCBD]®! and
[TMTTF][HCBD].['¥l The average Mn—N ;. bond distance
is 2.007 A, while the Mn—NC, bond distance is 2.316(8) A,
typical for this class of materials. [HCBD]~ is planar with an
average C—C bond distance for the C, backbone of 1.26 A:
however, due to disorder this value is not useful for
comparison. The C—CN bond distances average 1.53 A, while
the C—CN-Mn bond distance is 1.51(2) A. The C=N
and C=NMn distances are 1.046 A and 1.131 A, which are
significantly shorter  than that observed for
[MnT/BuPP][HCBD].P! Complex 3Br is comprised of
1-D++D*A*"D*A*"..« chains in which the [HCBD]"" is
trans-interior-u-N-o-bound to Mn with a typical Mn—NC
bond distance of 2.316(8) A (Figure5). The Mn-N-C
160.0(10)° angle is midway between that of

Figure 5. Segment of a 1-D DA D*A" -«

chain showing interior
trans-u-N-o-binding of [HCBD]*~ to [MnTBrPP]* in [MnTBrPP][HCBD]
-2PhMe (3Br) and important interchain interactions.

[MnT/BuPP][HCBD]®! (172.3°), and [MnOEP][HCBD]
(148.1°) which has different bonding motif.! The dihedral
angle between the MnN, plane and plane of one half of
[HCBD]~ is 83.7(3)° close to that found for
[MnT/BuPP][HCBD] (874°).) In the structurally related
[MnTPP][TCNE] family of magnets, it has been shown that
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this angle is inversely proportional to the strength of the 1-D
antiferromagnetic coupling between the Mn! and
[TCNE] .l Smaller MnN,-[TCNE]"~ dihedral angles led
to stronger 1-D coupling due to increased o-overlap of the
spin containing p, orbital on [TCNE]~ with the d,?> orbital on
Mn"L08 Tt was hoped a similar correlation could be realized
for the [MnTPP][HCBD)] family; however, more structurally
related examples are needed before such a correlation can be
established. The intrachain Mn -+« Mn separation is 10.657 A,
identical to that observed for [MnT:BuPP][HCBD]
(10.652 A),5! but shorter than the 10.844 A observed for
[MnOEP][HCBD] .l However, the observed interchain sep-
arations for 3Br are 10.832 and 11.016 A significantly shorter
than 16.522 and 16.034 A for the [MnT¢BuPP][HCBD]."!

[MnTCIPP][C4(CN)sO]-2PhMe (3Cl-O) is composed of
one half of two separate [Mn!'TCIPP]* units bridged by a
pentacyanobutadienolate [C4,(CN);sO]~ anion bound to Mnl
via the internal nitrile and Mn2 by oxygen, 5 (Figure 6). The
Mn—N and Mn—O bond distances are 2.315 (6) and 2.279
(9) A, respectively, compared with 2.326 A for Mn—N/O for
the similar 1-D, albeit disordered, chained tricyanoethenolate
[MnTOMEePP][C,(CN);0].1' The Mnl—}\lrmg and Mn2—N,,,
bond distances average 2.022 and 2.005 A, respectively, with
other cation bond distances and angles typical of
[Mn'TPP]*.[L210.1L18] The coordination environment of

Figure 6. ORTEP
[MnTCIPP][C4(CN)sO]-2PhMe (3CI-C4,(CN);0). Hydrogen atoms and
toluene solvate have been omitted for clarity.

diagram drawn at 30%  probability  of
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Mnl consists of a nitrogen bound axially distorted octahe-
dron. Whereas Mn2 occupies an axially distorted octahedral
with an intrachain Mn-.--Mn separation of 8.601 A and
interchain Mn---Mn separations ranging from 13.830 to
17287 A. This is the first reported structure of the
[C4(CN)sO]~ anion. Interestingly, coordination of the nitrile
occurs though an interior N as for 3Br (Figure 7), rather than
the endo- or exo-position as observed in [MnOEP][HCBD]#
or #-2ClL. The Mn(1)-O-C and Mn(2)-N(300)-C(300) bond
angles are 121.1 and 169.3°, respectively, which suggests that
the oxygen is bound through the lone pair and as with 3 Br the
nitrile bonding is m-like.

Figure 7. Segment of a 1-D «-«D*A*"D*A"~ ..« chain showing [C,(CN);O]~
to [MnTCIPP]* in [MnTCIPP][C,(CN);O]-2PhMe (3CI-O).

Magnetic properties: The 5 to 300 K temperature dependence
of the magnetic susceptibility y of a-2 Clpy, -2 Clpy, and 3Br
were studied. The data for e- and f-2Clpy can be fit to a
Curie — Weiss expression y o< 1/(7— 6) between 10 to 300 K
and 5 to 140K with 6 of —2.5 and —6.6 K, respectively
(Figure 8). In both cases the magnitude of the observed 6, |6 |,
is significantly lower than that of [MnT/BuPP][HCBD],
—15 K, or [MnOEP][HCBD], 67 K, which suggests atte-
nuated magnetic coupling. The 300 K effective moment, u.; =
(8xT)'2, for a- and B-2 Clpy are 4.91 and 4.88 ug, respectively.
For a-2 Clpy the 4.91 ug value is as expected for S=2 and g=
2 system; hence, no contribution from [HCBD],>~ is evident.
Thus, the effective moment of a-2Clpy strongly suggests a
singlet ground state of the [HCBD],?~. Nonetheless, given the
long intradimer separation, thermal population of the triplet
excited state might be achieved; however, no evidence of such
a transition was observed below a temperature of 400 K.
Likewise, evidence of long range magnetic ordering was not
observed in either sample.

The temperature dependence of u. for a-2 Clpy can be fit
to an expression for zero-field-splitting (H = DS,*+gugH-S),
Equation (1), with S=2, g=1.99 and zero-field-splitting
parameter D of —1.45K (—2.09 cm™).

2g2 (e—D/"I‘ + 4e—D,/I‘>
T 142e T 428 00T

28° (18 —14e /T 4 4¢4-0/T)
3D (1+2eP/T 4 2e+DIT)

2

u 1)

For typical five- and six-coordinate [Mn™'TPP]*-containing
complexes D ranges between —2.6 and —4.3 K. The
reduced value in the present case is likely due to the distorted
porphyrin moiety changing the coordination environment
about Mn. The slope observed in u.(7) with increasing
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temperature is indicative of temperature independent para-
magnetism TIP.?!! Subsequently the best fit to the data was
obtained with the addition of a TIP term of 200 x
10~ emumol~! (Figure 8). Typically, Mn! does not exhibit
TIP; however, in the present case the coordination environ-
ment of the Mn center is significantly distorted and maybe the
origin of the observed behavior.

120 16

-
o
=3

=]
(=]

21, mol emu-1
[+2]
o

! ! L 1 ! 2
0 50 100 150 200 250 300

T.K

Figure 8. Reciprocal molar magnetic susceptibility y~! (closed) and mo-
ment, u, (open) as a function of temperature for a-[MnTCIPPpy]-
[HCBD]: PhMe (a-2Cl) (circles), f-[MnTCIPPpy][HCBD] - PhMe (-2 Cl)
(squares) and a-[MnTBrPP][HCBD]-PhMe (3Br) (triangles). Fit of the
u(T) data to a zero-field-splitting with S=2, g=1.99 and D=-145K
(2.07 cm™!) for a-[MnTCIPPpy][HCBD]-PhMe (a-2Cl) (solid line), fit of
the u.(7T) data to the binuclear spin 2,/1 2 expression (see text) for -
[MnTCIPPpy][HCBD] - PhMe (-2 Cl) (solid line) and fit of the yu.(T) data
to a zero-field-splitting with S=2, g=1.87 and D=0.3 K (0.2 cm™!) for
[MnTBrPPpy][HCBD]-2PhMe (3Br) (solid line).

In accord with the crystal structure, the magnetic properties
of B#-2Clpy were modeled to an S=1, S=2 dinuclear spin
system using (H = —2JS,-S,), Equation (2).['*"!

Nupig* 10+35e(57/T)
X = @
kg (T —0)4(2+3e(5J/T)

where N is Avogadro’s number, uz is Bohr magneton, g is
the Landé g value, kg is the Boltzmann constant, and J is the
exchange coupling constant. The solid curve in Figure 8 shows
the best fit to the data between 70 and 300 K with 6=2K, g=
2.02 and J/kg of —90 K (— 62 cm™). This J value is indicative
of strong antiferromagnetic coupling between localized spin
sites, while the positive 6 indicates weaker interdimer
coupling. Below 70 K the data is lower than the model
prediction and may reflect to perturbations arising from D
and TIP.

The susceptibility for 3Br can be fit to a Curie—Weiss
expression between 10 to 300 K with 6 =—3.0 K (Figure 8).
6 for 3Br is significantly lower than either
[MnT/BuPP][HCBD] (—15K)®! or [MnOEP][HCBD]
(67 K) attributed to the low-spin density on the interior
nitriles of [HCBD] .l The temperature dependence of 3Br
was similarly fit to Equation (1) with a D=0.3 K (0.2 cm™),
g=1.87, and a TIP of 300 x 10~® emumol~"' (Figure 8). The
genesis of low Landé g value is not well understood at this
time; however, values as low as 1.82 have been reported for
[Mn™TPP]*.2% The low value of D reflect the slightly
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distorted octahedral coordination environment about Mn
compared with the distorted square-planar environment of a-
2Cl, and is lower than those observed to typical [Mn!'TPP]*
complexes.?]

Conclusion

The stoichiometric reaction of [Mn"TXPPpy] (X=CI, Br)
with HCBD led to two distinct products a-, #-2Clpy, and
2Brpy of [MnTXPPpy][HCBD] composition. On longer
standing 3Br of [MnTBrPP][HCBD] composition was
formed. Although the structure of 2Brpy has not been
determined, based on the IR absorption spectra a structure
related to the B-2Clpy is predicted. The ¥y absorptions
provide a signature of the differing bonding modes of
[HCBD]" (n=0, 1 —, 2—), Table 2. Furthermore, based on

Table 2. Summary of the bonding modes of [HCBD]" (n=0,1—,2—) and
their IR absorptions.

[HCBD]" bonding Ven Ref.
mode

n-HCBD? 2247 (w) 2238 (m) 2211 (s)

n-[HCBD]* 2185(s) 2168 (m) i
trans-1,4-[HCBD]~ 2193 (s) 2150 (s) 4
trans-2,3-[HCBD]*~ 2228 (m) 2212 (m) 2189 (w sh) 152
0-4-[HCBDJ* 2185 (m) 2170 (s) 2153 (m) f5)
n-[HCBD],2 2185(s) 2170 (m) 2128 (m) f511l
7-[HCBDJ* 2200 (m) 2152 (s) 2124 (w) 0
miso-[HCBD] 2174 (s) 2158 (m) 0]
trans-1 A[HCBDJ>- 2181 (vs) 2107 (sh) 2141 (s) 2130 (sh)

[C4(CN)sO]~

[a] This work. [b] vco.

2235 (wsh) 2226 (m) 2218 (s) 1557 (m)& [

detailed examination the 7.y absorptions of the a- and fS-
phases of 2Clpy the two high frequency absorptions (i.e.,
2185+ 1 and 2170 + 2 cm™') likely arise from unbound nitriles
consistent with unbound [HCBD]*~ {e.g., [FeCp*,][HCBD],
2185 (s) and 2168 cm™'}. The low frequency nitrile absorption,
however, exhibits a considerably wider range of absorptions
and is likely due to coordination in the case of 5-2 Clpy or 7t-t
interaction in a-2 Clpy.

The [HCBD]*~ of @-2Clpy is unbound and has been
characterized as the first [HCBD],>~ dimer reported. Mag-
netic susceptibility experiments confirm the [HCBD],*~
ground state to be a singlet, with preliminary ab initio
calculations suggesting the singlet to triplet energy gap is
~65 kcalmol~L.['1 The second product, -2 Clpy, consists of
monodentate exo-bound [HCBD] -~ and was characterized as
a binuclear S =%, S =2 system with strong antiferromagnetic
coupling between spins. This is consistent with
[MnOEP][HCBD], which also exhibits strong antiferromag-
netic coupling. The S-phase is a clear intermediate between
the unbound a-phase and the 1-D chain material. In contrast,
3Br consists of the previously observed uniform 1-D ...
D*A*"D*A*~ - chains with Mn bridged by —2,3 — (interi-
or) bound [HCBD] ", and confirms that this bonding motif
leads to substantially weaker antiferromagnetic intrachain
coupling with respect to —14— (exterior) bonding to
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[HCBD] . The genesis of the two products appears to be
competition of pyridine with [HCBD]*~ for Mn binding as
evidenced from studies with excess [HCBD] *~ and substituted
pyridine derivatives.

Experimental Section

Synthesis: All manipulations involving [HCBD] '~ were carried out under a
nitrogen atmosphere using standard Schlenck techniques or in a vacuum
atmospheres DriLab. Solvents used for the preparation of the [HCBD] "~
salts were predried and distilled from appropriate drying agents. H,TXPP
(X =(l, Br) was prepared by a literature method.?? [Mn'""TXPP]OAc was
prepared from H,TXPP and Mn(OAc),-4H,0; the Mn(OAc),-4H,0 was
predissolved in N,N-dimethylformamide (DMF) and filtered before
addition to the free-base porphyrin to remove impurities. [Mn'"TXPP]OAc
was subsequently reduced to [Mn"TXPPpy] [py = pyridine; X =Cl (1Cl),
Br (1Br)] by NaBH, utilizing a literature method.® Substitution of
pyridine with 2-methylpyridine (2-Mepy) and 2,6-dimethylpyridine was
accomplished by reduction of [Mn"'TXPP]OAc in the presence of the
substituted pyridines. HCBD was prepared by a literature method ¥ and
was resublimed prior to use.

a-[MnTCIPPpy][HCBD]-PhMe (a-2Clpy): [Mn'TCIPPpy] (1Cl,
35.3 mg, 0.036 mmol) was dissolved with stirring at room temperature in
toluene (20 mL), and the dark-green solution was filtered through a
medium glass-fritted funnel. A slight excess of HCBD (8.1 mg, 0.040 mmol)
was dissolved in toluene (3.2 mL), and the red solution was similarly
filtered. The above two solutions were mixed and allowed to stand 78 h in
an inert-atmosphere glovebox. The resulting precipitate was collected by
vacuum filtration and subsequently washed with fresh toluene (3 x 10 mL).
TGA/MS indicated the presence of approximately one toluene and one
pyridine per formula unit. Dark-green platelets suitable of X-ray diffrac-
tion were obtained by carefully layering the two filtered solutions, and a-
2Clpy was harvested from the walls of the flask. IR (Nujol, NaCl, cm™"):
7CN 2185 (s), 2170 (m), 2128 (m).

S-IMnTCIPPpy][HCBD] - PhMe ($-2 Clpy): [Mn"TCIPPpy]| (1Cl, 33.8 mg,
0.030 mmol) was dissolved with stirring at room temperature in toluene
(10 mL), and the dark-green solution was filtered through a medium glass-
fritted funnel. A slight excess of HCBD (7.8 mg, 0.050 mmol) was dissolved
in toluene (3.0 mL), and the red solution was similarly filtered. These
solutions were mixed at room temperature and allowed to stand 3 h in an
inert-atmosphere glovebox. The resulting precipitate was collected by
vacuum filtration and subsequently washed with fresh toluene (3 x 10 mL).
The physical properties are identical to TGA/MS indicated the presence of
approximately one toluene and one pyridine per formula unit. Green
prisms suitable of X-ray diffraction were obtained from the original
reaction mixture. Anal. calcd for -2 Clpy - PhMe CH3,N;;MnCl,: C 67.13,
H 3.16, N 13.05; found: C 66.95, H 3.11, N 12.88; IR (Nujol, NaCl, cm™'):
7CN 2185 (s), 2170 (m), 2153 (m); TGA/MS caled for
[MnTCIPP][HCBD]py - PhMe, — py, — PhMe =14.58 % found 14.52% at
114-306°C (m/z =91 amu, m/z =79 amu).
[MnTBrPPpy][HCBD]-xPhMe (1<x<3) (2Brpy:): [Mn'TBrPPpy]
(1Brpy, 14.6 mg, 0.013 mmol) was dissolved with stirring at room temper-
ature in toluene (20 mL), and the dark-green solution was filtered through
a medium glass-fritted funnel. A slight excess of HCBD (3.5 mg,
0.017 mmol) was dissolved in toluene (5.0 mL), and the red solution was
similarly filtered. The above two solutions were mixed and allowed to stand
4 hin an inert atmosphere glovebox. The resulting black-green precipitate
was collected on a filter and washed with fresh toluene (3 x 10 mL).
Attempts to obtain single crystals suitable of X-ray diffraction were
unsuccessful. Anal. calcd for 2 Brpy - 0.3 PhMe, Cy; ;Hj; ,Br,MnN,;: C 56.71,
H 2.45, N 11.91; found: C 56.86, H 2.67, N 12.20; IR (Nujol, cm™'): 7 2185
(m), 2170 (s), 2153 (m); TGA/MS: caled: for 2Brpy=19.0%; found
18.90% (m/z =91 amu, m/z =79 amu).

[MnTBrPP][HCBD]:2PhMe (3Br): The solution from 2Brpy was
allowed to stand for three weeks. Block crystals of 3Br were isolated from
the sides of the flask. IR (Nujol, cm™): #¢y 2228 (m), 2212 (m), 2189 (w)
(sh); TGA/MS = calcd toluene weight loss for 3Br-2.10 PhMe: 14.01 %;
found 14.01 % at 197°C.
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Physical methods: The 5 to 300 K magnetization was determined on a
Quantum Design MPMS-5XL 5 T SQUID (sensitivity=10"%emu or
10-2emuQOe~! at 1T) magnetometer, equipped with a reciprocating
sample measurement system, and continuous low temperature control with
enhanced thermometry features. Samples were loaded in gelatin capsules
(gelcap) and mounted in plastic straws. For isofield dc measurements, the
samples were zero-field cooled (following oscillation of the dc field to zero
field), and data was collected upon warming. In addition to correcting for
the diamagnetic contribution from the gelcap, core diamagnetic corrections
of —478.7, —540.7, —162.0, —48.9, and —54.0 x 10~® emumol~! were used
for [Mn""TCIPP], [Mn""TBrPP], HCBD, pyridine, and PhMe, respectively.
The thermal properties were studied on a TA instruments model 2050
thermogravimetric analyzer (TGA) equipped with a electron spray mass
spectrometer (ambient to 1000°C) located in a vacuum atmospheres
DriLab under nitrogen to study air and moisture sensitive samples. Samples
were placed in an aluminum pan and heated at 20°Cmin~' under a
continuous 10 mL min~! nitrogen flow. IR spectra (600—4000 cm~!) were
obtained on a Bio-Rad FT-40 spectrophotometer. Elemental analyses were
performed by Atlantic Microlabs, Norcross, GA.

X-ray structure determinations: Cell constants for a-2 Clpy and orientation
matrix for data collection were obtained from three oscillations exposed for
4.0 min at —135°C on a Rigaku RAXIS-IV imaging plate area detector.
The systematic absences indicate either of the monoclinic space groups P2,
or P2i/n. E-statistics favored the noncentrosymmetric alternative; this
choice was confirmed by the stability of the refinement process. The
structure was solved by direct methods and expanded using Fourier
techniques. The nonhydrogen atoms were refined anisotropically. Hydro-
gen atoms were included, but not refined. The final cycle of full-matrix
least-squares refinement was based on 9388 observed reflections [/,>
3.000()] and 740 variable parameters and converged with unweighted
and weighted agreement factors of R=0.069 and Rw =0.069. Crystallo-
graphic details for a-[Mn""TCIPPpy][HCBD]:PhMe (a-2Clpy) are sum-
marized in Table 3.

Cell constants and the orientation matrix for data collection for f-
[Mn"TCIPPpy][HCBD]-PhMe (-2 Clpy) were obtained from 10 images
exposed for 30s at 200 K on a Nonius Kappa CCD diffractometer. The
systematic absences determine the space group P2,. The structures was
solved by direct methods and expanded using Fourier techniques using the
SIR92# software package. Significant disorder was observed in the
toluene solvate, subsequently the toluene was refined as a planar moiety.
All other nonhydrogen atoms were refined anisotropically and hydrogen
atoms were included, but not refined, using SHELX97-21! as part of the
WinGXP graphics suite. The final cycle of full-matrix least-squares
refinement for f-2Clpy was based on 9694 observed reflections [I,>
2.000()] and 697 variable parameters and converged with unweighted
and weighted agreement factors R=0.0672 and Rw =0.1710. Crystallo-
graphic details for -2 Clpy are summarized in Table 3.

Cell constants for 3Br and an orientation matrix for the data collection
were obtained by the standard method from 25 reflections at —80°C on a
CAD4 diffractometer. Systematic absences and subsequent least-squares
refinement were used to determine the space group and uniquely define the
space group as P. During data collection the intensities of several
representative reflections were measured as a check on crystal stability,
and there was no loss of intensity during data collection. Equivalent
reflections were merged and only those for which I, >20(/) were included
in the refinement, where a(F,)? is the standard deviation based on counting
statistics. The weighing scheme used was: [a2F2]~!. The structure was solved
with the SIR92% program and refined based on the Patterson method
within the SHELX-97 program.??’! The hydrogen atoms were included
using the riding model where the H-atoms coordinates are re-idealized
before each refinement cycle and “ride” on the atoms to which it is
attached. Disorder in the [HCBD] '~ was observed, however, it could not be
resolved within the data set. Crystallographic details for 3Br are
summarized in Table 3.

In an attempt to solve the structure of 3Cl, the structure of a decomposition
product of 3Cl, namely, [Mn"TCIPP][C,(CN);0]-2PhMe (3CI-O) was
unexpectedly determined. Crystals of 3 Cl-O suitable for X-ray diffraction
studies were obtained from simple addition of HCBD and [Mn"TCIPPpy]
in toluene with a drop of water added to the reaction mixture yielding dark-
brown platelets. Cell constants and orientation matrix for data collection
for 3CI-O were obtained from 45 images exposed for 10s at 173K on a
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Table 3. Summary of the crystallographic details for a- (-2 Clpy) and S-[Mn"'TCIPPpy][HCBD] - PhMe (-2 Clpy), [Mn"'TBrPP][HCBD]-2PhMe (3Br),
and [Mn""TCIPP][C,(CN);O] -2PhMe, (3CI-0).

a-2Cl1 p-2C1 3CI-O 3Br
formula CyH3N;;MnCl, CyH3;N;;MnCly Cys;H4NoMnOCl, CyesHyoBr,MnN;,
formula weight 1180.84 1180.84 1183.82 1371.68
space group P2,/n (No. 14) P2, (No. 4) P1 (No.2) P1 (No. 2)
a[A] 17.4463(3) 9.4277(3) 11.1255(2) 10.657(3)
b [A] 15.6526(3) 20.9727(3) 13.8304(2) 10.832(2)
c[A] 202121(3) 14.5913(4) 17.2040(2) 14.696(4)
al] 90 90 81.9800(4) 100.69(2)
B[ 94.5090(9) 99.956(1) 85.3232(4) 78.65(2)
v [ 90 90 79. 8.9845(5) 118.33(2)
zZ 4 2 2 1
VA3 5502.470(1) 2841.61(13) 2568.36(4) 1455.91(6)
Deateas €M™ 1.425 1.380 1.531 1.565
R(F,) 0.069 0.067 0.1047 0.078
Rw(E,)P! 0.069 0.176 02713 0.19
T [°C] ~135 ~135 ~100 (2) ~78
A [A] 0.710730 0.710730 0.710730 0.710730

[a] R(Fo)=Zw(|F,|—|F.[)Z|F2]. [b] Rw(Fo)={Z[w(F3 - F2JZ[w(F3)*]}*".

Siemens P4 diffractometer equipped with a SMART/CCD detector. The
centrosymmetric triclinic option was chosen and subsequently verified by
the stability of the refinement process. The structure was solved by direct
methods and expanded using Fourier techniques using the SHELXTL?
software package. The nonhydrogen atoms were refined anisotropically
and hydrogen atoms were included, but not refined using SHELXTL?
graphics suite. Phenyl rings were treated as rigid planar bodies to conserve
a reasonable data to parameter ratio. The final cycle of full-matrix least-
squares refinement for 3 CI-O was based on 7045 observed reflections (/, >
2.00) and 620 variable parameters and converged with unweighted and
weighted agreement factors R =0.1047 and Rw2 = 0.2713. Crystallographic
details for 3CI-O are summarized in Table 3.

X-ray crystal structure analysis: Crystallographic data (excluding structure
factors) for the structures reported in this paper have been deposited with
the Cambridge Crystallographic Data Centre as supplementary publication
no. CCDC-102234 (a-2Clpy), -102235 (p-2Clpy), -102236 (2Br), and
CCDC-102237 (3CI-0). Copies of the data can be obtained free of charge
on application to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax:
(+44)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).
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