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ABSTRACT: Three complexes are reported from the initial use of
dimethylarsinic acid (Me,AsO,H) in Mn"™" cluster chemistry, [Mn,O,-
(0,AsMe,)q] (3; 2Mn'", 2MnIV), and [Mn;¢X,05(0,CPh) 5(Me,As0,),,] (X
= Ca’ (4) or Sr** (5); 16Mn™). They were obtained from reactions with
[Mn,0,,(0,CR);,(H,0),] (R = Me, Ph) either without (3) or with (4 and §)
the addition of X** salts. Complex 3 contains a [Mn,0,]% cubane, whereas
isostructural 4 and S contain a planar loop structure comprising four Mn,
asymmetric “butterfly” units linked by alternating antianti u-O,AsMe, and
{X,(0,AsMe,)(O,CPh),} units. Variable-temperature magnetic susceptibility
(xm) data were collected on dried microcrystalline samples of 3—5 in the 5.0—
300 K range in a 0.1 T (1000 G) direct-current (dc) magnetic field. Data for 3
were fit to the appropriate Van Vleck equation (using the H = —2]§i-§j
convention) for a cubane of virtual C,, symmetry, giving J33 = 0.0(1) cm™, J,
—9.8(2) em™, and g = 1.99(1), where the J; subscripts refer to the oxidation states of the interacting Mn

—34(4) cm™, I,

g\

atoms. The ground state thus consists of two coupled Mn" and two essentially noninteracting Mn"". For 4 and 5, low-lying
excited states from the high nuclearity and weak couplings prevent fits of dc magnetization data, but in-phase alternating current
susceptibility y'yT data down to 1.8 K indicate them to possess S = 4 ground states, if considered single Mn4 units. If instead
they are treated as tetramers of weakly coupled Mn, units, then each of the latter has an S = 2 ground state. Complexes 4 and §
also exhibit very weak out-of-phase y”y; signals characteristic of slow relaxation, and magnetization versus dc field scans on a
single crystal of 4-15MeCN at T > 0.04 K showed hysteresis loops but with unusual features suggesting the magnetization

relaxation barrier consists of more than one contribution.

B INTRODUCTION

There continues to be great interest in the field of single-
molecule magnets (SMMs) from groups around the world. "
These are molecules that can function as molecular super-
paramagnets, and thus as magnets below their blocking
temperature Ty. Although they only function as magnets at
very low temperatures, SMMs nevertheless provide an
alternative and very important “bottom-up” molecular approach
to nanomagnetism, one that brings all the advantages of
molecular chemistry to this field. Particularly crucial among the
latter has been the crystallinity usually exhibited by molecular
compounds, which provides a means for obtaining structural
data at atomic resolution using single-crystal X-ray crystallog-
raphy and for allowing detailed studies to be performed on
highly ordered assemblies in the solid state by various
spectroscopic and physical methods. The ready solubility of
molecular species also allows the latter studies to be extended
to characterization techniques common for the solution phase,
including electrochemistry, multinuclear NMR spectroscopy,
and others.
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The field currently spans a wide range of metal types, from
various d-metals to lanthanides and actinides”™” and combina-
tions thereof,® *'as well as a whole spectrum of nuclearities,
from mononuclear SMMs to giant ones such as Mn,, and Mng,
wheels of ~4 nm diameter.'”” Among these, the prototypical
SMM family, [Mn;,0,,(0,CR)4(H,0),]?, has been the most
extensively studied, with its properties having been charac-
terized as a function of carboxylate R group, oxidation level (z =
0, 1,2, 3)," local site-symmetry,'* environmental influences,"’
and others, and has proven the major source to date of our
knowledge on this nanomagnetic phenomenon.” Also widely
explored has been the identity of the peripheral ligation, with
carboxylates being very commonly employed, such as in the
Mn,, family, but also a wide variety of N- and/or O-based
chelates.

Of relevance to the present work are the previous reports of
ligand substitution of carboxylate groups in preformed clusters
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Table 1. Crystal Data and Structure Refinement Parameters for 3—5

3-8H,0
formula® C,Hs,AsMn, O,,
Fw, g mol™’ 1249.8
space group PT
a, A 11.7278(7)
b, A 13.7179(8)
¢ A 14.0559(9)
a, deg 99.8690(10)
B, deg 90.4520(10)
7, deg 111.7540(1)
v, A3 2062.9(2)
z 2
T, K 218(2)
2, AP 0.71073
Pelor g/cm® 1.983
R1°7 0.0466
wR2° 0.1454

4-15MeCN 5-16MeCN
Ci9oH69Ca4As,,Mn 6N 15Ogg Ci92H57,51,A5,4Mn N 4Ogs
7008.6 7240.0
P2,/c P2/c
21.061(1) 20.862(3)
36.802(2) 36.594(5)
18.532(1) 18.644(2)
90 90
94.3488(12) 101.370(2)
90 90
143219 (16) 13953(3)
2 2
100(2) 100(2)
0.71073 0.71073
1.625 1.725
0.0876 0.0881
0.2286 0.2311

“Including solvent molecules. bGraphite monochromator. “I > 26(I). “R1 = 100Y.(|IF,| — IF|)/XIF,l. “wR2 = 100[ X [w(F,> — F2)*]/
S w(E)2 1Y% w = 1/[Y2(E2) + [(ap)* + bp), where p = [max(F%, O) + 2F.*]/3.

not only with other carboxylic acids*”'® but also by other acids

possessing an XO,™ unit that can bridge like a carboxylate, for
example, in the common 7':n':u mode. Such “pseudocarbox-
ylates” that have been used now span a range of different types,
namely, with X = N, P, S, and Se. For example, ligand
substitution reactions on the Mn,, family were first reported
using 4 equiv of nitric acid, which site-specifically converted
[Mn;,0,,(0,CR)6(H,0)4] to [Mn;;,0,,(0,CR),,-
(NO;),(H,0),]."” Similarly, reactions of diphenylphosphinic
acid (Ph,PO,H) (8:1 ratio) or diphenylphosphoric acid
((PhO),PO,H) (4:1) with [Mn;,0,,(0,CR),5(H,0),] gave
[Mn,0,,(0,CR) 4_,(O,PPhy),,(H,0),] (n = 8, 9)18 and
[Mn;,0,,(0,CR);,(0,P(OPh),),]," respectively. Benzenesul-
fonic acid (PhSO;H) possesses three O atoms but again
behaves as a pseudocarboxylic acid in an 8:1 reaction with Mn,
to give [Mn;,0,,(0,CR)g(0,SOPh)s(H,0),].*° The smaller
methanesulfonic acid, however, leads to u;-O;SMe bridging
groups.m In all these cases, the [Mn,;,0,,]"" core was
essentially unaffected, the substitution causing only a small
distortion. In contrast, the reaction of Mn;, with an excess
(18:1) of benzeneseleninic acid (PhSeO,H) causes core
rupture and the formation of extremely interesting
[Mn,04(0,SePh),_,(0,CMe),(H,0)] (n = 0, 1; 3Mn™,
4Mn") products of unprecedented structure, one of which
was found to be a single-chain magnet (SCM).** Note that
PhSeO,” is similar to RCO,” and NO;~ in having a three-
coordinate central atom (unlike Ph,PO,” and RSO;~) but
different in also having a stereochemically active lone pair.

As part of a continuing interest in the use of noncarboxylate
ligands in Mn,, chemistry, we decided to explore an acid
further down group 15, analogous to Se in group 16, and chose
dimethylarsinic acid (Me,AsO,H). This is similar to Ph,PO,H,
and a survey of the literature showed that in Mo chemistry
Me,AsO,™ analogues of Ph,PO,” complexes can be prepared.”’
We herein report the syntheses, X-ray structures, and magnetic
properties of a homometallic Mn,O, cubane and two
heterometallic Mn;(M, (M = Ca, Sr) looplike clusters from
the use of Me,AsO,H with Mn;,.
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B EXPERIMENTAL SECTION

Synthesis. All manipulations were performed under aerobic
conditions using materials as received (Sigma-Aldrich), except where
noted otherwise. [Mn;,0;,(0,CMe),s(H,0),]-2MeCO,H-4H,0 (1)
and [Mn;,0,(0,CPh),4(H,0),] (2) were prepared as described
elsewhere.”**

[Mn,0,(0,AsMe,)s] (3). A solution of complex 1 (0.50 g, 0.24
mmol) in MeCN (75 mL) was treated with Me,AsO,H (0.60 g, 4.3
mmol) in MeCN (25 mL) and stirred overnight. The solvent was
removed from the resulting deep red solution by rotoevaporation
under vacuum, the residue was treated with toluene (25 mL), and the
solution was again evaporated to dryness. The addition and removal of
toluene was repeated three more times. The residue was then
dissolved in CH,Cl, (50 mL), filtered through diatomaceous earth,
and carefully layered with pentane. Large dark red crystals of 3-8H,0
slowly formed over 6 d. The sample for X-ray crystallography was
maintained in mother liquor to prevent loss of interstitial solvent.
Otherwise, the crystals were isolated by filtration, washed copiously
with pentane, and dried in vacuo; the yield was 0.20 g (75%). Anal.
Calcd (found) for 3-H,O (C,,H33AsMn,0;,): C, 12.83 (12.79); H,
3.41 (3.48); N, 0.00 (0.00)%. Selected IR data (KBr disk, cm™): 3420
(b), 3016 (m), 2965 (m), 2926 (m), 2878 (m), 1653 (w), 1568 (s),
1473 (w), 1420 (s), 1272 (m), 1094 (s), 808 (vs), 652 (m), 622 (s),
565 (m), 500 (s), 481 (s).

[Mn,5Ca,04(0,CPh);5(0,AsMe;),4] (4). A stirred slurry of complex
2 (0.25 g, 0.087 mmol) in MeCN (10 mL) was treated with solid
Me,AsO,H (0.22 g, 1.6 mmol) and solid Ca(NO;),-4H,0 (0.021 g,
0.087 mmol), and MeOH (1 mL) was added to aid solubility. Stirring
was continued for 20 min, and the resulting dark red solution was
filtered through diatomaceous earth to remove some fine brown
powder. The filtrate was layered with Et,O, and dark red crystals of 4-
15SMeCN slowly formed over 3 d. The crystallographic sample was
maintained in mother liquor; otherwise, the crystals were collected by
filtration, washed with MeCN, and dried under vacuum. The yield was
0.03 g (5%). Anal. Calcd (found) for 4-2MeCN
(C164H,30N,As,,Ca,0gsMny4): C, 30.42 (30.04); H, 3.58 (3.44); N,
0.43 (0.46)%. Selected IR data (cm™): 3422 (b), 3016 (w), 2924 (w),
2268 (s), 1597 (m), 1550 (m), 1394 (s), 1269 (w), 799 (vs), 721 (m),
649 (m), 588 (m), 484 (s).

[Mn65r,04(0,CPh)5(0,AsMe;),,] (5). The synthesis was per-
formed as for complex § except that Sr(ClO,),-H,0 (0.025 g, 0.087
mmol) was used instead of Ca(NO,),-4H,0, and the dark red crystals
of 5:16MeCN were collected after S d; the yield was 0.04 g (7%). Anal.
Calcd (found) for solvent-free 5 (C;4oH,4A8,4Sr,0gsMny¢): C, 29.19
(29.42); H, 3.43 (3.66); N, 0.00 (0.00)%. Selected IR data (cm™):
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3421 (m,br), 2930 (w), 1597 (s), 1550 (s), 1394 (vs), 1268 (w), 1023
(w), 833 (vs), 800 (vs), 720 (m), 675 (m), 667 (w), 651 (m), 613
(w), 592 (w), 490 (m), 459 (w), 447 (w), 416 (w).

X-ray Crystallography. Data were collected on a Bruker P4 (3-
8H,0) or Siemens SMART PLATFORM (5-16MeCN) platform
goniometer equipped with a SMART APEX CCD area detector and
on a Bruker DUO diffractometer (4-15MeCN) with an APEXII CCD
area detector. Suitable single crystals were attached to glass fibers using
silicone grease and transferred to the goniostat, where they were
cooled for characterization and data collection. The structures were
solved by direct methods (SHELXTL)> and standard Fourier
techniques, and they were refined on F” using full-matrix least-squares
cycles. All non-H atoms (except some disordered C atoms) were
refined anisotropically, whereas H atoms were placed in calculated
positions and refined isotropically using a riding model. Cell
parameters were refined using 8192 reflections. The intensity data
for 3-8H,0 were collected using the @-scan method with a scan step
Ag@ = 0.03°. For 4-15MeCN, raw data frames were read by program
SAINT and integrated using three-dimensional profiling algorithms.
The resulting data were reduced to produce hkl reflections and their
intensities and estimated standard deviations. For 5-16MeCN, a full
sphere of data (1850 frames) was collected using the w-scan method
(0.3° frame width). The first 50 frames were remeasured at the end of
data collection to monitor instrument and crystal stability (maximum
correction on I was <1%). Data for 3-H,O were corrected for Lorentz
and polarization effects using the Bruker SAINT software,”" and an
absorption correction was performed using the SADABS program>**
supplied by Bruker AXS (T i/ Tmax = 0.657). Absorption corrections
by integration were applied for 4-15MeCN and 5-16MeCN based on
measured indexed crystal faces. Crystal data and structure refinement
parameters are listed in Table 1.

For 3-8H,0, the asymmetric unit contains the Mn, cluster and eight
water molecules of crystallization. Seven of the latter were observed
and refined, but one was too disordered to be modeled properly, and
the program SQUEEZE,”® part of the PLATON®’ package of
crystallographic software, was therefore used to calculate the solvent
disorder area and remove its contribution to the overall intensity data.
There were 457 parameters in the final cycle of refinement using 8006
independent reflections with I > 26(I) to yield R1 and wR2 of 3.70 and
14.54%, respectively. The final difference Fourier map was reasonably
clean, the largest electron density peak and deepest hole being 3.23
and —1.07 e/A3 respectively; they were located within 1 A of the
heavy elements (Mn and As), and thus were attributed to their
anisotropy.

For 4-15MeCN, the asymmetric unit contains one-half of a Mn,4
molecule on an inversion center and 7.5 MeCN molecules. The latter
were disordered, and SQUEEZE was again used to remove their
contribution. Three benzoate Ph rings [C32—C37, C72—C77, C92—
C97] were rotationally disordered and refined as rigid bodies. The
AsMe, atoms of two Me,AsO,~ ligands [As6, C11, C12 and As9, C17,
C18] were disordered and resolved; their site occupancies were fixed
at 50%. There were 380 parameters in the final cycle of refinement
using 26 952 reflections with I > 26(I) to yield R1 and wR2 of 8.76 and
22.86%, respectively. The final difference Fourier map was reasonably
clean, the largest peak and deepest hole being 1.50 and —1.45 e/A°
respectively, located within 1 A of the heavy elements.

For 5-16MeCN, the asymmetric unit contains one-half of a Mn,4
molecule on an inversion center and eight MeCN molecules. The
latter were disordered, and SQUEEZE was again used to remove their
contribution. Three benzoate Ph rings [on C31, C51, and C91] were
disordered and were dependently refined as rigid bodies (AFIX 66).
Other Ph rings were either not disordered or the disorder was minor
and could not be resolved, and all were also refined as rigid bodies.
The AsMe, atoms of four Me,AsO,” ligands were disordered about
two (main) positions [As4/As4’, As10/As11, As12/As13, As14/As1S]
whose occupation factors were fixed in the last refinement cycles.
There were 1096 parameters in the final refinement cycle using 10 406
reflections with I > 26(I) to yield Rl and wR2 of 8.81 and 23.11%,
respectively. The final difference Fourier map was reasonably clean, the
largest peak and deepest hole being 3.4 (representing traces of a
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disordered As) and —1.1 /A3, respectively, located within 1 A of the
heavy elements.

Other Studies. Infrared spectra were recorded in the solid state
(KBr pellets) on a Nicolet Nexus 670 FTIR spectrometer in the 400—
4000 cm™ range. Elemental analyses (C, H, and N) were performed
by the in-house facilities of the University of Florida Chemistry
Department. Variable-temperature direct-current (dc) and alternating-
current (ac) magnetic susceptibility data were collected on vacuum-
dried solids using a Quantum Design MPMS-XL SQUID magneto-
meter equipped with a 7 T magnet and operating in the 1.8—300 K
range. Samples were embedded in solid eicosane in a gel capsule to
prevent torquing. Diamagnetic and background contributions from the
eicosane and gel capsule were measured as a blank and subtracted
from the susceptibility. Magnetization versus field and temperature
data were fit using the program MAGNET.*® Pascal’s constants™ were
used to estimate the diamagnetic correction, which was subtracted
from the experimental susceptibility to give the molar paramagnetic

susceptibility (yy)-

B RESULTS AND DISCUSSION

Syntheses. As described in the Introduction, reactions of
Mn,, with 4 or 8 equiv of Ph,PO,H, (PhO),PO,H, PhSO;H,
MeSO;H, and HNO; gave modified Mn;, SMMs products,
while an 18:1 excess of PhSeO,H transformed the Mn;, into an
interesting new Mn, structural type. In the present work, we
thus explored the analogous 18:1 reaction in MeCN of 1 with
Me,AsO,H. This caused a rapid color change from a dark
brown to a deep red solution, from which was subsequently
isolated [Mn,0,(0,AsMe,)s] (3; 2Mn', 2Mn") in ~75%
yield as 3-8H,0. Multiple cycles of acetic acid removal as its
toluene azeotrope were considered important for complete
substitution, because Me,AsO,H (pK, = 6.27)*" is significantly
less acidic than MeCO,H (pK,= 4.76). The structure of 3 (vide
infra) is analogous to that of [Mn,0,(O,PPh,),] obtained from
the reaction of [Mn;,0;,(0,CMe)s(0;SPh)g(H,0),] with
Ph,PO,H,**" suggesting that such reactions with Mn, might be
a convenient general route to [Mn,0,]®" cubane complexes.
Me,AsO,H and PhSeO,H thus give different structural types
from an 18:1 reaction with 1, Mn, versus Mn,, respectively, but
interestingly both give high oxidation state Mn"™/MnV
products. Attempts to back-replace some or all of the
Me,AsO,” groups on preformed 3 with RCO,™ groups by
treatment with RCO,H (R = Me, Et, C,CH, '‘BuCH,) to
access unknown [Mn,0,(O,CR),] complexes were unsuccess-
ful, as judged by IR spectra of isolated solids.

We extended the use of Me,AsO,H in several directions, and
one of them is heterometallic chemistry that has yielded
interesting Mn/Ca and Mn/Sr products. Initial reactions of 3
with various Ca* salts such as Ca(NO;),, Ca(0,CMe),, and
Ca(ClO,), were unsuccessful, leading only to isolation of
unreacted 3, so we instead added Ca*" salts to the preparative
reaction to 3. However, we could not isolate any Mn/Ca
products from these reactions, but use of the benzoate analogue
2 proved successful. Thus, 2 was treated with Ca(NO;), and
Me,AsO,H in a 1:1:18 ratio in MeCN/MeOH. The solution
changed from dark brown to dark red within 20 min, and from
it was subsequently isolated well-formed dark red crystals of
[Mn,4Ca,04(0,CPh),s(Me,AsO,),,] (4) as 4-15MeCN. The
same reaction but with Sr(ClO,), instead of Ca(NO;),
proceeded analogously and gave [Mn,;4Sr,05(0O,CPh);4-
(Me,As0O,),4] (5) as 5-16MeCN. The yields of both complexes
are very low, 5 and 7%, respectively, but the syntheses are fully
reproducible. Given the stability of 3, as reflected in its
inertness to reactions with RCO,H or Ca’* salts, we suspect
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that it is a major side-product in the syntheses of 4 and §, and
we were perhaps very fortunate to have been able to isolate any
pure 4 and S; the typically lower solubility of benzoate
compounds in highly polar solvents such as MeCN and MeOH
was probably a factor in the preferential crystallization of 4 and
5 and probably also rationalizes why the use of 1 did not give
their acetate analogues. We explored whether we could isolate
additional material from the filtrates to obtain more 4 and §
and/or confirm 3 as a significant product of the reaction, but
we could not isolate any pure material, only sticky solids
suggestive of mixtures. We also explored the use of EtOH
instead of MeOH, but the same products were obtained in
comparable yield; omission of any alcohol gave powder
precipitates we could not characterize. Overall, we were thus
happy to settle for small yields of pure, highly crystalline 4 and
s.

Description of Structures. The structure of 3 and a
stereoview are shown in Figure 1, and selected distances and

09

Figure 1. (top) Partially labeled structure of 3 and (bottom) a
stereopair. Color code: Mn™ green, Mn' blue, As orange, O red, C
gray. H atoms were omitted for clarity.

angles are listed in Table S1.>' The structure consists of a
[Mn"™,Mn",(1,-0),]%* core with the peripheral ligation
provided by six syn,syn 77":17":u Me,AsO,~ groups. The complex
has crystallographic C, and virtual C,, symmetry, with the C,
axis passing through the midpoints of the Mn"™—Mn™ and
Mn"™V—Mn" vectors. Core metric parameter ranges under C,,
are collected in Table 2.

The Mn oxidation states and central y;-O protonation levels
were deduced from charge considerations and the Mn—O bond
distances and were confirmed by bond valence sum (BVS)
calculations (Table 3),*? indicating that Mnl and Mn3 are
Mn", Mn2 and Mn4 are Mn"™, and that u;-O®" ions are
bridging in the cubic core. All the Mn are six-coordinate with
near-octahedral geometry, and the two Mn"' atoms display
Jahn—Teller (JT) elongations, as expected,” along the 02—
Mn2—-011 and O4—Mn4—010 axes, which are parallel and
both equatorial relative to the virtual C, axis. The JT elongated
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Table 2. Summary of Core Bond Distances (A) and Angles
(deg) for 3

ab
parameter range

Mn"V-0, (ax) 1.840(4), 1.856(4)
Mn"-0, (eq) 1.875(4)—1.959(4)
Mn"'-0O, (ax) 1.935(4), 1.970(4)
Mn"-0, (eq) 1.893(4)—2.288(4)
Mn"-0, 1.909(4)—1.959(4)
Mn"V-0,, 1.934(4), 1.940(4)
Mn"-0,, 1.922(4)—2.094(4)
Mn"-0,, 1.904(4), 1.931(4)
Mn"---Mn" 2.885(1)
Mn™--Mn™ 3.054(1)
Mn"---Mn™ 2.863(1)—3.016(1)
Mn"V—0O_-Mn" 97.18(17), 97.62(17)
Mn"-O_-Mn"" 93.35(16), 98.02(17)
Mn'"—0_-Mn" 93.26(16)—100.27(17)

“Collected under C,, virtual symmetry. b0, = cubane O*7, O, = axial
arsinate, O,y = equatorial arsinate. ‘eq/eq O angles. dax/eq o™
angles.

Table 3. Bond Valence Sum and Assignments for Mn and O
Atoms in 3—5

b
atom” Mn! Mn! Mn'Y atom

BVS ion
3 Mnl 4.17 3.82 4.01 01 1.93 o>
Mn2 347 3.18 3.34 02 1.82 o
Mn3 3.85 3.52 3.70 03 1.90 o+
Mn4 3.18 2.91 3.06 04 1.75 o*
4 Mnl 3.15 2.89 3.03 01 2.05 o+
Mn2 3.33 3.04 3.20 02 1.99 o>
Mn3 324 2.96 3.11 03 2.01 o+
Mn4 3.17 2.90 3.05 04 1.98 o>
MnS 3.17 2.90 3.04
Mné6 321 2.94 3.09
Mn7 3.24 2.96 3.11
Mn8 321 2.94 3.08
5 Mnl 3.12 2.85 3.00 05 2.05 o>
Mn2 321 2.93 3.08 06 2.08 o*
Mn3 3.24 2.97 3.12 033 2.04 o>
Mn4 3.18 291 3.05 034 2.03 o
Mn5 3.01 2.75 2.89
Mn6 321 2.94 3.09
Mn7 323 2.96 3.10
Mn8 3.04 2.78 2.92

“The bold value is the one closest to the charge for which it was
calculated. The oxidation state is the nearest integer to the bold value.
YAn O BVS in the ~1.8-2.0, ~1.0—1.2, and ~0.2—0.4 ranges indicates
non, single, and double protonation, respectively.

and equatorial Mn™-0O are 2.066(3)—2.290(3) A and
1.893(3)—1.974(3) A, respectively. The Mn' atoms, Mnl
and Mn3, exhibit shorter Mn—O bond lengths in the range of
1.838(3)—1.959(3) A and lack JT elongation axes, showing that
the complex is trapped-valence and crystallographically ordered.
The Mn" JT elongation axes normally avoid Mn-oxide bonds,
almost always the strongest and shortest in the molecule, but in
a {Mn,0,} cubane this is not possible; thus, Mn"™'—O*" bonds
Mn2—02 and Mn4—04 are JT elongated to 2.290(3) and
2.139(3) A, respectively (the non-JT Mn2—04 and Mn4—02
are 1.897(3) and 1.899(3)A, respectively). As a result the
cubane core is distinctly distorted. It is noteworthy that the JT-
elongated Mn"™'—0”" bonds are remarkably long, even longer
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Table 4. Ligand O-+O Distances (A) in Carboxylate and Pseudocarboxylate Groups

acid compound

MeCO,H [Mn,,04,(0,CMe);5(H,0),]

PhSO;H [Mn12012(02CM3)8(OssPh)S(H20)4]

Ph,PO,H [Mn,,0,,(0,CMe);(0,PPh,)s(H,0),]
[Mn,0,(0,PPh,)]

PhSeO,H [Mn,04(0,CMe)(0,SePh)3(H,0)]
[Mn;04(0,SePh)y(H,0)]

Me,AsO,H [Mn,0,(0,AsMe, )]

0---0* pK>> ™% ref
2235-2.249 4.76 24
2.400—2.422" 2.55 20
2.561-2.565" 232 14
2.566—2.617 18
2.654—2.799" 479 22
2.640—2.836 22
2.797-2.834 6.27 this work

“The O--O distance of the bound O atoms. “For the noncarboxylate groups.

than the JT-elongated Mn—O(arsinate) bonds trans to them
(Mn2—011 = 2.066(3), Mn4—010 = 2.096(3) A). Compare
this with the JT elongation axis of the fast-relaxing Mn,
clusters, where the Mn—0?" bond is 2.073(7) A and the
trans-Mn—O(carboxylate) is 2.160(8) A.** This suggests the
Mn—O(arsinate) bond is more difficult to elongate than the
Mn—0”" bond either due to the limited flexibility of the
Me,AsO,~ group or, more likely, a significantly greater Mn—
O(arsinate) versus Mn—O(carboxylate) bond strength due to
greater electron density at the O atoms, as also reflected in the
high pK, of Me,AsO,H of 6.27. As expected, the lattice water
molecules form hydrogen bonds to other water molecules (O--
O distances in the 2.7-2.9 A range) and to O atoms of
Me,AsO,” groups (O-+O in the 2.8—3.0 A range) giving two-
dimensional H-bonded sheets with no H bonds between them.

There are a number of reported examples of Me,AsO,”
bridging Fe,”° Zn,*° Zr,’” Mo,*** and W*°? in the
pseudocarboxylate manner seen in 3, but the latter is the first
example to our knowledge of the use of Me,AsO,” in Mn
chemistry. However, a Mng complex was recently reported
using PhAsO;H and dipicolinic acid.*’ In addition, several
other complexes with the discrete {Mn,(u5-O),} cubane core
have been reported, namely, [Mn"™,Mn",0,(O,PR,)s] (R =
Ph or OC¢H,p-Me)"' at the same oxidation level as 3,
[Mn""Mn",0,(0,PPh,)s]* and [Mn™,0,(OMe),(HOMe)-
(0,P(OC¢H,p-Me),)s]*'" from Dismukes and co-workers,
and the [Mn™,Mn"O,(u;-X)]* (X = CI5, F7, Br, Nj,
NCO~, RCO,7, etc.) family from our own group.*”

In Table 4 are compared a few pertinent properties of some
pseudocarboxylate groups used to date in Mn chemistry,
particularly their basicities and the O--O distances of bound O
atoms in the syn,syn 77':7":u mode. The various ligands have
not been explored extensively or under identical conditions, so
we avoid firm conclusions, but some a posteriori comments are
appropriate: (i) PhSO,~ and Ph,PO,”, the less basic, weaker
donor ligands in the table, as reflected by the pK, of their
conjugate acids, are the only ones (to date) to be able to
substitute carboxylates of [Mn;,0,,(0,CMe),s(H,0),] with-
out core transformation; (ii) these ligands also exhibit O---O
distances only ~0.2—0.3 A greater than carboxylates, primarily
due to the longer P—O and S—O bonds; (iii) PhSeO,” and
Me,AsO,, the more basic, stronger donor ligands, and with
0---O distances >0.4 A longer than carboxylates, have all given
Mn,, rupture and new product core topologies; and (iv) it is
interesting that only Ph,PO,” and Me,AsO,” have yielded a
[Mn,0,(O,XR,)s] cubane to date, even though the basicities
are so different due to both the more electronegative P versus
As and the electron-withdrawing Ph substituents, suggesting
that the tetrahedral nature of the X atom is important in
stabilizing the cubane. Since PhSeO,” has a stereochemically
active lone pair and O---O distances comparable with
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Me,AsO,", the one speculative prediction we will venture is
that [Mn,0,(0,SePh),] is likely capable of synthesis.

Two views of the structure of 4 and a stereoview are shown
in Figure 2. The structure of § is essentially superimposable
(Figure S1)® and is not shown or described separately;
selected interatomic distances and angles for 4 and $ are

Figure 2. (top) Top-view of the structure of centrosymmetric 4,
(middle) a side-view emphasizing its planarity, and (bottom) a
stereopair. For clarity, H atoms were omitted, and only the ipso C
atoms of the benzoate Ph rings are shown. Color code: Mn™" green, Ca
violet, As orange, O red, C gray.
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compared in Table S. The complexes crystallize in monoclinic
space group P2,/c, with the molecules lying on crystallographic

Table 5. Comparison of Selected Distances (A) and Angles

(deg) for 4 and §

parameter” 4 (X = Ca) 5 (X = Sr)
Mn,,—O,, 1.872(4)—1.886(4) 1.867(10)—1.908(9)
Mn,—O,, 1.890(4)—1.920(4) 1.880(11)—1.925(10)
Mn--Mn,,” 3.388(2)—3.447(2) 3.378(3)—3.442(4)
Mny--Mn,,° 3.048(2)—3.147(2) 3.081(3)—3.160(3)
Mny--Mny, 2.818(2), 2.826(2) 2.821(3), 2.823(3)
b G 3.825(2) 4.017(2)
X*.--Mn,, 3.220(2), 3.223(2) 3.370(3), 3.377(3)
O, Mn-O,, 82.05(16)—83.09(16) 81.5(4)—82.7(5)
Mn, -+ O,y-Mny, 94.76(16)—95.64(16) 95.1(4)—96.0(5)
Mn,+-O,Mn,” 127.1(2)—130.5(2) 126.2(5)—131.4(5)
Mn,--O,,-Mn,° 106.7(2)—112.5(2) 108.2(5)—114.2(5)

“w = wingtip, b = body, O,, = s-oxide. "Singly monoatomically
bridged. “Doubly monoatomically bridged.

inversion centers; for brevity, references to specific atoms in the
following discussion implicitly include their symmetry-related
partners. The structure consists of four [MnHI4(ﬂ3—O)2(ﬂ—
OR),] asymmetric “butterfly” units (R is the rest of a PhCO,~
or Me,AsO,” group) linked together into a loop by alternating
antianti u-0,AsMe, and {Ca,(O,AsMe,)(O,CPh),} units
attached at the Mn,, (w = wingtip) atoms. Peripheral ligation
is completed by additional Me,AsO,” and PhCO," groups in
various binding modes (vide infra). The side view (Figure 2,
middle) emphasizes the planarity of the molecule. The Ca are
eight-coordinate with Ca—O bonds in the 2.33—2.61 A range.
Mn™ oxidation states and O protonation levels were again
confirmed by BVS calculations (Table 3).** All Mn'" are nearly
octahedral and exhibit clear JT axial elongation of two trans
bonds; as expected, the JT axes avoid Mn""'—O?" bonds. The
four JT axes of Mn, (b = body) atoms Mn(2,2',3,3’) are
essentially parallel, as are those of body Mn(6,6,7,7'), and the
two sets are at an angle of 61° to each other and both in the
plane of the molecule. The JT axes at wingtip Mn(1,4,5,8) are
not parallel and at various angles to the plane of the molecule.
031 is on the JT axes of both Mn1 and Mn3, while in the other
Mn, unit O34 is on the JT axes of both Mn6 and Mn8; 031
and O34 are the monoatomically bridging atoms of benzoate
groups.

One Mn, unit of 4 is shown in Figure 3, including its two ;-
O ions and the Me,AsO,” and PhCO,” groups providing

017

033

Mn5

Mn6

Figure 3. Representative example of the Mn, units in 4 and § showing
the asymmetric butterfly topology resulting from the location of
monatomic bridging O atoms of PhCO,” and Me,AsO,” groups.
Color code: Mn'! green, As orange, O red, C gray.

additional monatomic bridges. The latter are both on the same
side and cause a distinct asymmetry not seen in the common
symmetric butterfly complexes, such as [Mn™,0,(0,CR),-
(bpy)2]+,46 and which is reflected in, for example, shorter
Mny,--Mn,, separations and smaller Mn,,—O,,—Mn, angles for
the bis-monoatomically bridged Mn, pairs (Table S). The
resulting Mn, structure is clearly related to the {Mn,O,}
cubane core of 3; replacement of the Me,AsO,~ and PhCO,~
groups with O™ ions at the O18 and O34 positions, and
attachment to MnS5 by tilting of the Mn5—0O3 bond, would give
a {Mn"™,0,} cubane. Of course, 3 has a {Mn",Mn™,0,}
cubane, stabilizing the higher O*/Mn ratio of 1:1 and
rationalizing why the Mn'", units in 4 and 5 favor incorporation
of only two O*~ ions.

There are a remarkable number of different binding modes
adopted by the organic groups in 4 and 5, and these are shown
in Figure 4. The Me,AsO,” and PhCO,” groups range from

T LT T
C
2O 2 YN PN
T e O
Mn Mn  Mn Mn Ca \Ca
Syn, syn, L syn, syn, anti, p3 syn, syn, anti, p syn, syn, 112
o 1)) am av)
\As/ As Mn AS, Ca
S T Y
Mn Mn Mn Mn Mn Mn
syn, syn, p syn, syn, anti, p3 syn, syn, anti, p3
V) (VD (VID
\ / Mn As/ Mn
Mn\ //—As~\\ /Mn \O’// \\\O/
© © | |
Ca Ca
syn, syn, p Mg

(VIII) IX)

Figure 4. Four PhCO,” and five Me,AsO,” binding modes in
complexes 4 and $.

H,—Hy4, with various combinations of syn and anti O lone pairs
being used for bond formation. The 16 benzoates divide into
four each of types I-IV, and the 24 dimethylarsinates into
eight, four, eight, two, and two of types V—IX, respectively.

Finally, there are only insignificant intermolecular inter-
actions between Mn,4 molecules, mostly C—H---C contacts, but
no n—7 stacking of benzoate rings. It is thus anticipated that
any intermolecular exchange interactions would be very weak.

Magnetochemistry. Direct-Current Magnetic Suscept-
ibility Studies. Solid-state, variable-temperature magnetic
susceptibility (yy) data were collected on vacuum-dried
microcrystalline samples of complexes 3-H,0, 4-2MeCN, and
S in the 5.0—300 K range in a 0.1 T (1000 G) dc magnetic field.
The samples were suspended in eicosane to prevent torquing.

For 3-H,0, yT decreases steadily with decreasing T from
8.4 cm® K mol™" at 300 K to 4.6 cm® K mol™" at 15 K, and then
steeply increases to 5.7 cm® K mol™" at 5.0 K (Figure 5). The
spin-only (g = 2) yyT for noninteracting Mn",Mn", ions is
9.75 cm® K mol™, and thus 3-H,O clearly contains dominant
antiferromagnetic (AF) intramolecular exchange interactions,
although the origin of the increase below 5.0 K was not
immediately obvious.
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Figure S. y\ T vs T plot for 3-H,O in a 1000 G dc field. The solid line
is the fit of the data using the 3-] model shown in the inset. See the
text for the spin Hamiltonian and the fit parameters.

The isotropic Heisenberg spin Hamiltonian describing an
exchange-coupled Mn"",Mn'"", complex such as 3 is given by eq
1, where J;; = J(Mn"'Mn™), J;, = J(Mn"Mn"), ],
J(Mn™"Mn"), and S; (i = 1—4) is the spin of metal M,, using
the numbering scheme of Figure 1, with §; = S; =3/, and S, =
S; = 2; it is assumed from the virtual D, symmetry that all
Mn"™Mn" interactions are equivalent.

= _2]33(§2'§4) - 2]44(§1'§3) -

2], (88, + 88, + 5,8, + 8
Using an equivalent operator approach based on the Kambe
vector coupling method ~and the coupling scheme Su=8 +
S, 8 =8,+S,and S; = §, + S, the Hamiltonian of eq 1 can
be written in the equivalent form of eq 2, and the energy (E) of
each molecular S; state is then given by the eigenvalue
expression of eq 3, where constant terms (S(S; + 1)] were
omitted. The overall multiplicity is 400, made of 60 individual
St states with values in the S = 0—7 range.

H =] [ = 7 = 81 = [, [$7 = 87 = 8,7]
— ]34[ST2 _ SAZ _ SBZJ (2)
E(STz Sas SB) = —]33[513(53 + 1] - ]M[SA(SA + 1)]
- ]34[ST(ST +1) = S (Sy + 1) — S(Sp + 1)] (3)

The data were fit to the theoretical y; versus T expression
derived from the use of the Van Vleck equation,” including a
temperature-independent paramagnetism term kept constant at
400 X 1075 cm® K mol™. The fit (solid line in Figure 5) gave
J53=00(1) em™, J;, = —=3.4(4) ecm™, J,, = —9.8(2) cm™}, and
g = 1.99(1). J3, and J,, being AF is as expected for bis-O*~
bridged Mn"™Mn'" and Mn""Mn" interactions. However, they
are weaker than expected for dinuclear [Mn,(u-O*"),]**
compounds, which can be rationalized by their incorporation
into an Mn, cubane and the O  ions becoming ;. For
example, the latter makes the Mn!V---Mn'Y separation
(2.8857(8) A), Mn'V—0O.—Mn" angles (97.11(12),
97.69(11)°), and Mn"V—0>" lengths (1.874(3)—1.959(3) A)
significantly larger than those in dinuclear [Mn",(u-0*7),]*
complexes, 2.58—2.67 A, 91.6—94.5°, and 1.79—-1.81 A,
respectively, which will weaken the interactions.*” Nevertheless,
the 1]l > |34l > IJ53l order is as expected, and the following
explanation of the y,,T versus T plot (Figure S) can be given:
xmT decreases with decreasing T due to the AF ], and J;,, and
eventually the stronger J,, pairs up the Mn", spins into a
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diamagnetic S, = O state. 3, is now nullified, and the only
interaction affecting the Mn"" spins is thus Jy3, which is zero or
essentially so. The yyT for two noninteracting Mn™ is 6.0 cm®
K mol™ or slightly less, since g < 2.0 for Mn"". This explains
the small increase in yyT to 5.7 cm® K mol™ at 5.0 K, as the
two Mn" spins align antiparallel, and the two Mn"" are the only
contributors to y\T. Note that J;; & 0 is consistent with the
alignment of the JT axes parallel and in the Mn'™,(u-0%"),
plane: there will be overlap of the d,> magnetic orbital of one
Mn™ with the empty d _y of the other, giving a weak
ferromagnetic (F) contrlbutlon to J3; according to standard
Goodenough—Kanamori rules,”® which in this case is clearly of
comparable magnitude to the weak AF contributions expected
from d,—d, overlap via the O*~ orbitals.

For 42MeCN and 5, yT decreases with decreasing T from,
respectively, 43.9 and 42.9 cm® K mol™ at 300 K to 16.7 and
15.8 cm® K mol ™" at 5.0 K (Figure 6). The plot profiles and the
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Figure 6. T vs T plots for 42MeCN (red) and 5 (black) in a 1000
G dc field.

JuT at 300 K being less than the spin-only value for 16
noninteracting Mn"" (48 cm® K mol™" with g = 2) indicate
dominant AF exchange interactions. An important question in
analyzing further the magnetic properties of 4 and 5 was
whether they should be treated as one Mn4 unit or as a
tetramer of four weakly interacting Mn, units. Of course, the
pertinent point was whether the intra-Mn, interactions were
significantly stronger than inter-Mn, ones. The inter-Mn,
interactions through the Me,AsO,” groups (Figure 4, types
VIII and IX) are certainly expected to be weak, but so should be
many of the intra-Mn, ones, since, as described, it has structural
similarity to the core of 3, and its [Mn™,(4-O),] interactions
will likely be similar to those in the latter, which are J;; & 0
cm™. Even symmetric butterflies such as the [Mn'™,0,-
(0,CR),(L-L),]%* family with only one monoatomically
bridging oxo are known to have very weak ], typically in
the —3 to —8 cm ™' range.”* We thus concluded that 4 and $
could be reasonably considered as either single Mn,4 clusters or
looplike tetramers of Mn, units.

In either case, attempts to determine the ground states from
fits using program MAGNET’' of magnetization (M) data
collected in the 0.10—70 kG and 1.8—10.0 K ranges were
unsuccessful, even using only data at lower fields and T (0.1—
0.5 T and 1.8—4.0 K), as anticipated from the many expected
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weak J; and the resulting low-lying excited states. Also,
depending on relative J; sign and magnitude, there may be
spin frustration effects in the triangular Mn; subunits of each
Mn,, which are also known to promote low-lying excited states;
spin frustration is here defined in the form most useful to
molecular chemistry, that is, competing exchange interactions
of comparable magnitude that frustrate the preferred align-
ments of the spins. In such cases, a more reliable way to get
information on ground-state spins is by ac magnetic
susceptibility, which precludes complications from a dc field.
Alternating Current Magnetic Susceptibility Studies.
The ac magnetic susceptibility data were collected on dried,
microcrystalline samples in the 1.8—10 K range in zero dc field
and a 3.5 G ac field at oscillation frequencies in the 25—1000
Hz range. For 4-2MeCN considered as a single Mn,¢ unit, the
in-phase y'yT decreases almost linearly from ~13 ¢cm® K mol™
at 10 K to ~10 cm® K mol™ at 3 K, and then decreases a little
faster at lower T (Figure 7) probably due to zero-field splitting
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Figure 7. y'\T vs T and y"y vs T ac susceptibility plots for 4-MeCN at
the indicated frequencies. The solid lines are guides.

and weak intermolecular interactions. The decrease below 10 K
indicates depopulation of low-lying excited states with spin
greater than the ground state and rationalizes the unsuccessful
attempts at fitting the dc data. Extrapolation of the y’\T above
3 to 0 K, where only the ground state will be populated, gives a
value slightly below 10 cm® K mol™, consistent with an S = 4
ground state with g < 2 slightly, as expected for Mn'; 3, T for
S =3, 4, and S spins with g = 2.0 are 6.0, 10.0, and 15.0 cm® K
mol ™, respectively. Complex 5 exhibits almost identical y'yT
data (Figure S2).

If the data are interpreted taking 4 as a [Mn,], tetramer of
very weakly interacting units, y'yT per Mn, decreases almost
linearly from ~3.25 cm® K mol™ at 10 K to ~2.5 cm® K mol™!
at 3 K. The faster decrease below 3 K can now be assigned to
inter-Mn, interactions in addition to any intermolecular
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interactions. The extrapolation to 0 K now gives a value of
~2.4 cm® K mol™, indicative of an § = 2 ground state and g < 2
for each Mn, unit (¥’ T for S = 1, 2, and 3 with g = 2.0 are 1.0,
3.0, and 6.0 cm® K mol ™!, respectively). Similarly for S.

Interestingly, both complexes exhibit very weak out-of-phase
X" u signals below 3 K, possibly the beginnings of peaks lying far
below the operating limit of 1.8 K of our instrument, suggesting
that they may both be SMMs, albeit very poor ones with clearly
small relaxation energy barriers. Nevertheless, since they would
be our first with these arsinate ligands, we sought to confirm
this by hysteresis studies below 1.8 K.

Hysteresis Measurements. Magnetization versus dc field
sweeps below 1.8 K were performed on a wet crystal of 4-
15MeCN freshly removed from its mother liquor. Hysteretic
behavior was observed, but with unusual characteristics (Figure
8). The loops at 0.04 K at different scan rates show a small
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Figure 8. M vs i H (in tesla) hysteresis loops for a single crystal of 4
1SMeCN at (a) the indicated temperatures and a fixed field sweep rate
of 0.07 T/s and (b) the indicated field sweep rates and a fixed
temperature of 0.04 K. The magnetization is normalized to its
saturation value (Mj).

coercivity, which increases with the scan rate as expected for an
SMM, but not by much. In addition, the T-dependence at a
fixed scan rate (Figure 8a) exhibits decreasing coercivity with T,
as also expected for an SMM, with a hysteretic opening even at
7 K. This is surprising, since 4 and $ clearly do not have large
enough anisotropy barriers to make them such relatively high-
temperature SMMs. Overall, the loops for 4 are not typical of
those expected for an SMM, and we instead must conclude that
the observed behavior is coming from a combination of effects,
such as a small anisotropy barrier intrinsic to each magnetic
unit, interunit interactions, perhaps phonon bottlenecks, and
others. Since the crystal structure shows no significant inter-
Mn, ¢ contacts (vide supra), we feel the hysteresis loops support
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4 and § being best described magnetically as loops of four Mn,
units, with inter-Mn, exchange interactions through the
bridging Me,AsO,” groups in modes VIII and IX (Figure 4)
contributing to the unusual hysteresis behavior. Note that this
would also explain the clear slope of the background in Figure
8, which suggests the applied field is not along the easy axes of
all magnetic units, as would be expected if each Mny is really
four Mn, units with nonequivalent orientations in the molecule.

It is interesting to note that analogous behavior has been
previously seen in the hysteresis studies for a looplike
[Mn,(Na], tetramer, that is, a sloping background and a
coercivity that varies only slightly with scan rate and is still
visible up to 4 K, even though the intrinsic anisotropy barrier
for each Mn unit is small. That this compound and 4 are both
tetramers of four weakly interacting magnetic units may just be
a coincidence or maybe not. Further studies are necessary to
address this point.

B CONCLUSIONS

The use of Me,AsO,H in Mn cluster chemistry has yielded
initial examples of Mn clusters ligated by Me,AsO,” groups,
and they have been found to be interesting from multiple
viewpoints. Attempted ligand substitution on [Mn,0,-
(0,CMe) x(H,0),] has led to structural transformation to
cubane 3, obtained in large yield. The behavior of the As acid
has thus paralleled that of its group 16 neighbor Se to its right
in causing structural rearrangement—but it does not yield
analogous products; on the contrary, it has given a cubane, as
has been obtained previously with its group 15 neighbor P. As
discussed above, we assign the analogous behavior of As and Se
as due to the increased size and lowered electronegativity of the
central atom, which gives relatively large O---O distances and
high basicity to the ligands, as reflected in the pK, values of the
conjugate acids, particularly for As. The heterometallic
chemistry of Me,AsO,H has also yielded interesting products,
looplike clusters 4 and S that are unusual in both their
structures and magnetic properties. One conclusion of possible
general utility is that the occasional observation of small
coercivity at relatively high T, in this case 7 K, that fades only
slowly with T, does not necessarily represent an improved
SMM.

Together with the unusual magnetic behavior of cubane 3,
the combined results suggest that Me,AsO,H has the potential
to continue to provide further compounds that will be of
interest for their structural and/or magnetic properties. Further
studies are thus in progress.
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