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ABSTRACT: The synthesis of reduced coordination (less than 6),
unchelated manganese oxygen cluster systems is described. Addition of
phenols to Mn(NR,), (R = SiMe;) results in protolytic amide ligand
replacement, and represents the primary entry into the described
chemistry. Addition of PhOH to Mn(NR,), results in the formation of
the heteroleptic dimer Mn,(u-OPh),(NR,),(THF), (1). Usage of the
sterically larger 2,6-diphenylphenol (Ph,C¢H;OH) as the ligand source
results in the formation of a 3-coordinate heteroleptic dimer without
THF coordination, Mn,(u-OC4H;Ph,),(NR,), (2). Attempts to
generate 2 in the presence of THF or Et,O resulted in isolation of
monomeric Mn(OC¢H;Ph,),L, (3, L = THF, Et,0). Use of the
sterically intermediate 2,4,6-trimethylphenol (MesOH) resulted in
formation of the linear trinuclear cluster Mn;(u-OMes),(NR,),(THF),
(4). Reaction of Mn(NR,), with PhOH in the presence of water, or
reaction of 1 with water, results in the formation of a S-coordinate, unchelated Mn—O cluster, Mng(us-O),(u-OPh),(THF),
(5). Preparation, structures, steric properties, and magnetic properties are presented. Notably, complex § exhibits a temperature-
dependent phase transition between a 4-spin paramagnetic system at low temperature, and an 8-spin paramagnetic system at
room temperature.
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Water oxidation is a grand challenge in the pursuit of renewable ‘ _O0— ( Asp
C e . . H,O0——Mn—0O

solar hydrogen. In nature, water oxidation is achieved by the P ‘ :

oxygen evolving complex (OEC) of photosystem IL' a AP0 | Y

Mn,CaOg cluster. The crystal structure of the resting state of HoOum.. | /? Mn—0

. . 2 . -0 \
this catalyst has recently been determined to 1.9 A? and is H.0™ o ],Hl':] ,',‘-. Glu
shown in Figure 1. Even before the obtainment of this newest @|LJ'7_O}M”_M}O p /

picture of the OEC, elucidation of the nature of the catalyst by 0. o/ |
biophysical® and earlier X-ray crystallographic* studies inspired A|q>::“'“'~‘o/\"- 0
the exploration of synthetic manganese—oxo clusters as ; V/

biomimetic compounds. The breadth of work on this synthetic Asp
chemistry is extensive, and has been reviewed.®

A number of reports on manganese—oxo systems are
especially worthy of note. Brudvig has reported dimeric and
tetrameric manganese—oxo complexes which evolve oxygen.®

Figure 1. Crystallographic model of the oxygen evolving center
(OEC) of photosystem IL>

The group of Dismukes has reported an oxygen evolving Mn—
O cluster, which has been shown to mediate photocatalytic
water splitting when infused into a Nafion membrane,
demonstrated through a collaboration with the Spiccia
group.” This latter cluster is relevant not only for its catalytic
activity, but also for its biologically relevant cubane structure.
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Other cubane motifs have been reported by Christou® and by
Li® which incorporate Ca and Na, respectively, into the cubane
motif. Most recently, reports from the laboratories of
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Scheme 1. Preparation of Low-Coordiante, Unchelated Mn—O Clusters
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Christou® and Agapie'® describe the preparation of the most
structurally accurate Mn—Ca—O cubanes to date. A Mn—O—
Ca complex has also been reported recently by Borovik."" Also
worthy of note are the Co and Ni systems of Nocera,'” which
represent some of the most promising synthetic water oxidation
catalysts so far, and have been proposed to be constructed of
metal—oxo cubane motifs."

While there are a few examples of Mn—O systems that
exhibit interesting biomimetic reaction chemistry, including
some of those above, the vast majority of Mn—O systems are
kinetically and thermodynamically inert. This lack of reactivity
stems from the stabilization of the complexes by multidentate,
octahedral ligation. In the 1.9 A crystallographic model, the
OEC contains a mixture of mono- and bidentate ligands,2 and
undergoes oxidation state-dependent rearrangements according
to biophysical studies."”> As in most metalloenzyme systems,
significant protein motion can facilitate required active site
rearrangement and stabilize transition states and intermediates
during enzyme turnover. In contrast, synthetic systems which
model the protein environment using multidentate ligation
tend to be inert due to the chelate effect. A notable exception is
seen in the work of Armstrong, who has reported on a
manganese cluster which undergoes a reversible redox-depend-
ent structural change, and which has EPR signatures remarkably
similar to the biological system."*

Synthetic manganese—oxo cluster systems almost exclusively
contain metal sites that are octahedral, which stabilizes the high
(active) oxidation states, and precludes water binding. The
recent structure at 1.9 A resolution clearly shows that the
“dangler” manganese atom contains but two protein based
ligands, and has two bound waters. Synthetic manganese oxo
clusters with bound water molecules are rare, and primarily
from the Brudvig group.'> Additionally, recent biophysical EPR
studies have concluded that the S, state of photosystem II most
likely possesses manganese centers with lower-than-six
coordination.'® The control of transition metal coordination
number, especially using bulky substituted aromatics, has been
pioneered by Phillip Power.'” Other particularly noteworthy
molecular activation by has been seen at iron complexes of
reduced coordination number by Holland,'® at early transition
metals by Mindiola," at nickel by Hillhouse,”® and at Mo and
Nb by Cummins.”® Of particular relevance to the approach
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presented in this report is the extensive work on metal
phenolate chemistry in the literature, with noteworthy
contributions from a number of groups.'”** With regard to
biomimetic chemistry of the OEC, there is impetus for the
exploration of reactive manganese—oxo clusters of decreased
coordination number.**

There are a number of examples of S-coordinate
manganese—oxo dinuclear and trinuclear complexes,”**> and
numerous examples of clusters with a mixture of S- and 6-
coordination are known,*® but high-nuclearity Mn—O clusters
with exclusive metal coordination number of less than 6 are
rare, limited to just a few reports.27 Of these, tetranuclear Mn
clusters with a single central oxide are the most common, with
4 examples.””*™! Most noteworthy are a Mn,O, cluster with
“butterfly” geometry,”’® and a MngO, cluster containing 4- and
S-coordinate Mn from the group of Wright.27f Examples of
clusters without multidentate ligands are even more rare, with
the only example, to our knowledge, being a Mn,I4O cluster.””®
We report here a number of Mn—OAr based complexes and
clusters with 3-, 4-, and S-coordination formed in the absence
of chelating ligands using steric control. Featured is a novel
octanuclear Mn—O cluster with exclusively S-coordinate metals,
no chelation, and water-derived bridging oxo ligands.

B RESULTS AND DISCUSSION

General. The general strategy of cluster synthesis is
protolytic ligand replacement by acidic ligand sources. Addition
of an acidic ligand source (e.g., phenol) to a metal precursor
containing Brensted basic ligands with gentle or no heating
allows for mild ligand replacement reactions, and circumvents
redox side reactions frequently encountered in self-assembled
cluster synthesis by ion metathesis.”*® For all complexes,
bis[bis(trimethylsilyl)amido]manganese(II) (Mn(NR,),, R =
SiMe,)*” was used as the manganese source. The protolytically
labile NR, ™ ligand is easily replaced by acidic donors. The mild
protolytic ligand replacement reaction allows the maintainance
of the Mn(Il) oxidation state throughout. Thus, the major
driving force for the formation of the reported systems is the
protonation of the NR,” ligand, which results in its
dissociation. The open coordination sites are filled by the
resulting oxygen-based anionic ligands, and the clusters self-
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assemble into the lowest-energy geometry. Results of formation
of manganese aryloxide complexes are shown in Scheme 1.

Addition of parent and modified phenols to colorless
Mn(NR,), proceeds with a slight darkening of color as the
reaction proceeds, though all final products are colorless.
Typically, some turbidity is observed, which disappears upon
stirring for several minutes. Clear colorless crystals of all such
complexes are obtained by vapor diffusion of pentane or
hexamethyldisiloxane with a solution of the cluster, or chilling
of the concentrated reaction mixture. All complexes were
identified and characterized by single-crystal X-ray diffraction
and CHN elemental analysis. '"H NMR spectra have been
obtained, but exhibit paramagnetically shifted and very broad
spectra consistent with high-spin Mn" complexes.

Preparation of Mono-, Di-, and Trinuclear Mn—OAr
Complexes and Steric Effects. The addition of 1 equiv of
anhydrous phenol to Mn(NR), results in protolysis of one
amide ligand to extrude hexamethyldisilazane, and a metal
complex with empirical formula Mn(NR,)(OPh) is obtained in
dimeric form:

2Mn(NR,), + 2PhOH + 2THF
— 2HNR, + Mn,(u - OPh),(NR,), (THF), (1) (1)

The replacement of NR,™ ligand represents a decrease in
steric congestion around the metal center, and results in the
formation of a dimeric, four-coordinate THF adduct.
Crystalline material was not obtained in the absence of THF.
We speculate that, in the absence of capping ligands, the
coordinative unsaturation results in the formation of non-
crystalline coordination polymers. Related dimeric manganese
complexes with organic oxides have been reported.*

The addition of 1 equiv of the sterically encumbered 2,6-
diphenylphenol (Ph,C,H;0H) to Mn(NR,), also results in the
isolation of a heteroleptic amido-phenolato dimer, but without
terminal THF ligands:>'

2Mn(NR,), + 2Ph,C(H,0H
— 2HNR, + Mn, (i - OC¢H,Ph,), (NR,),(2) @)

Isolation of the THF adduct of 2 has not been achieved.
While the steric bulk of the large Ph,C,H;0™ ligand allows
replacement of the NR,™ ligand, it does not provide space
enough for the coordination of a fourth THF ligand, as is
observed in the formation of 1. Isolation of the product in the
presence of THF or Et,O results in replacement of both amide
ligands, and isolation of the monomeric Mn(OC¢H;Ph,),(L),
complex:

Mn(NR,), + 2Ph,C¢H,OH — 2HNR,
+ Mn(OC6H3Ph2)Z(L)Z(3)
(L = THF, Et,0) (3)

The steric bulk of the Ph,CsH;O0™ ligand most likely
precludes the binding of THF, unless further steric strain is
relieved by additional protolytic replacement of the remaining
large NR,™ ligands. Even under conditions stoichiometric for
the formation of dimeric 2 (ie, 1:1 Mn:Phenol), only
monomeric 3 is isolated, suggesting that, in ligating ether
solutions, 2 disproportionates to a significant degree into
Mn(NR,), and 3 to relieve steric strain. Thus, the use of steric

modifications to the bridging ligand controls coordination
number (3 vs 4), and nuclearity (2 vs 1).

Given the drastic difference between the sterics of the phenyl
and 2,6-diphenylbenzene groups, we explored the behavior of
the sterically intermediate 2,4,6-trimethyl (mesityl) phenol
(MesOH). To our surprise, the use of this phenol derivative
resulted in the formation of the larger linear trinuclear cluster 4:

3Mn(NR,), + 4PhOH + 2THF
— 4HNR, + Mny(u - OMes),(NR,),(THF),(4)  (4)

Though an increase in nuclearity from complex 1 to 4
resulting from enhanced steric bulk on the aryloxide ligands
(Ph vs Mes) may seem surprising at first, careful consideration
of the geometric features of the cluster explains the observation.
In comparison to phenolate, the presence of methyl groups on
the MesO™ ligand increases the steric bulk sufficiently to
preclude formation of the THF-bound dimer analogous to 1,
but not enough to stabilize the coordinatively unsaturated 3-
coordinate dimer analogous to 2. Indeed, we have not isolated
either of these structure types with the mesityl group. Rather,
the increased steric strain is relieved by the displacement of
additional NR, ligands, which are larger than the MesO~
ligands, resulting in formation of the trinuclear cluster. Thus,
replacement of 4 of the 6 amide ligands on 3 equiv of
Mn(NR,), results in a system wherein the central metal atom
experiences the least steric strain due to the perpendicular
stacking of the arene groups. A spacefilling model demonstrates
the terminal THF/amide bound metals to possess the steric
burden, in comparison to the central metal ligated by
mesityloxide (Figure 2). Thus, in the intermediate sterics of

Figure 2. Spacefilling model of cluster 4 demonstrating steric relief by
stacking of central aryloxides. Steric congestion between the arenes
and the terminal ligands (THF, NR,") (labeled “A”) forces the arenes
into an orientation in which they are approximately perpendicular to
their respective Mn—O rhombs. This orientation results in a steric
clash between the mesityl groups on neighboring rhombs. This
interaction is labeled “B”, and distorts the geometry about the central
Mn atom toward the square planar geometry (7, = 0.57).%%.

complex 4, the steric strain is relieved by the replacement of
extra NR, ligands, which leaves sufficient room for aggregation
to a trinuclear cluster, and binding of terminal THF ligands. A
related 3-coordinate homoleptic trinuclear cluster using
isopropoxide bridging and terminal ligands was reported by
Power,* and a siloxide-bridged trinuclear cluster with the
same terminal NR, ligands was reported by Roesky et al 3
Reactivity with Water: Preparation of an Octanuclear
Mn—O Cluster from Hydrolysis of Amide Ligands. In the
interest of generating novel manganese—oxo clusters inspired
by photosystem II, we have been exploring the use of H,O as
an acidic source for oxo ligands. Addition of excess liquid water
to a colorless THF solution of 1 results in turbidity, and a slight
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Table 1. Sample, Crystal, and Refinement Data for Reported Compounds

1 2 3a
chemical formula ~ C;,Hp,MnyN,0,Si,  CuHgCLMn,N,0,Si,  CyH;sMnO,
fw 761.08 1006.16 690.72
T 293(2) K 173(2) K 100(2) K
wavelength 0.71073 A 0.71073 A 0.71073 A
cryst size 0.080 X 0.210 X 0.150 X 0.500 x 0.100 X 0.200 X

0.320 mm® 0.600 mm® 0.300 mm?*
cryst syst triclinic monoclinic triclinic
space group PT P2/n PT
unit cell a = 8.8769(7) A a =19.7255(14) A a=9419(4) A
dimensions
b = 10.9042(8) A b =12.6112(9) A b =12287(6) A
¢ =123175(9) A ¢ =20.9188(15) A ¢ =16220(7) A
a = 97.530(2)° a = 90° a = 97.956(8)°
B =106.0430(10)° S = 92.6810(10)° B =91.959(9)°
y = 107.005(2)° y = 90° y = 111.792(9)°
v 1066.23(14) A3 5198.1(6) A3 1718.7(13) A3
z 1 4 2
density (calcd) 1.185 Mg/cm?® 1.286 Mg/cm?® 1.335 Mg/cm®
abs coeff 0.737 mm™! 0.719 mm™! 0.429 mm™!
data/restraints/ 5028/0/205 12 434/6/590 8060/0/443
params
GOF ($*) on F*  1.154 1.049 0.979

final R indices I >
26(I)°
all data

RI = 0.0408, wR2 =
0.0958

RI = 0.0548, wR2 =
0.1089

RI = 0.0294, wR2 =
0.0711

RI = 0.0368, wR2 =
0.0767

R1 = 0.0554, wR2 =
0.1266

RI = 0.0946, wR2 =
0.1445

3b
C44HysMnO,
695.76
173(2) K
071073 A

0.100 X 0.180 X
0.250 mm?®

triclinic
P1
a =10.8698(5) A

b = 11.5942(6) A
c=16.1014(8) A
a = 75.8960(10)°
B = 83.3060(10)°
y = 70.1170(10)°
1849.46(16) A3

2

1.249 Mg/cm3
0.399 mm™!

14 067/0/446

1.017

RI = 0.0482, wR2 =
0.1128

RI = 0.0856, wR2 =
0.1294

4
Cs6H10sMn3N,O4Siy
1180.61

173(2) K

0.71073 A

0.050 X 0.150 X
0.200 mm?

monoclinic
C2/c
a =10.1362(17) A

b = 32.734(6) A
c=19.570(3) A
a = 90°

B =95.529(3)°
7 =90°
6463.1(19) A®

4

1213 Mg/cm®
0.696 mm™!
7731/0/330

0.955

RI = 0.0573, wR2 =
0.1166

RI = 0.1397, wR2 =
0.1444

S
CosHi10sMngOy
2021.34
173(2) K
0.71073 A

0.050 X 0.090 X
0.180 mm?

monoclinic
Cc
a=26479(3) A

b = 45.599(6) A
¢ =20.072(3) A
a =90°

B = 129.425(2)°
7 =90°
18721.(4) A3

8

1.434 Mg/cm3
1.110 mm™*
32503/616/2348

1.018

RI = 0.0529, wR2 =
0.1170

RI = 0.0914, wR2 =
0.1373

“s = [Z“M)(Fobs2 -

Fcalcz)z/(m - ”)] V2 PR1 = (ZHFobsl - |Fcalc||)/Z|Fobs|; wR2 = [(ZW(Fobsz -

Fou )Y /ZwF 3, 22 (across 2 columns).

darkening of solution upon heating. Crystallization from
pentane diffusion results in clear, colorless crystals of a different
morphology and unit cell than 1. X-ray structure solution of
this material identifies it as an octanuclear cluster, Mng(gs-
0),(u-OPh),(THEF); (5). The reaction presumably proceeds
by protolytic replacement of NR, ™ ligands to give the Mn—O—
OPh cluster and HNR,, and rearrangement of the Mn-based
fragments to give the octanuclear cluster:

6Mn,(u - OPh),(NR,), (THF), (1) + 2H,0
— Mng(p; - O), (1 - OPh),, (THE)(5) + 4HNR,
+ 4Mn(NR,), (5)

The balanced chemical equation implies the regeneration of
Mn(NR,), by mass balance, which is presumed to further
hydrolyze with water to give Mn(OH), and hexamethyldisila-
zane; The formation of Mn(OH), is consistent with observed
turbidity during reaction. This octanuclear cluster can also be
formed directly from Mn(NR,),, PhOH, and water without the
need for isolation of precursor 1. The stability of § in the
presence of excess reactant water is encouraging, and illustrates
the feasibility of preparation of unchelated manganese
complexes with reduced coordination number, which are not
protolytically destroyed in the presence of water.

X-ray Crystallography. Crystallographic data are given in
Table 1, and selected metrics are described in Tables 2 and 3.
Initial X-ray structure solutions of 1 gave large Fourier
difference peaks attributed to stacking faults. These crystal
flaws are a result of a low-temperature phase transition
encountered upon cooling. Improved data sets for 1 were
therefore obtained at room temperature. The structure of 1
indicates a single molecule per unit cell residing on a
crystallographic center of inversion (Figure 3). The molecule
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Table 2. Selected Metrics® for Mn,(u-OPh),(NR,),(THF),
(1), Mn,(p-OCgH;Ph,),(NR,), (2), and Mn;(u-
OCH;Ph,),(NR,),(THF), (4)

b

1 2 4
Mn(1)-0(1/2) 2.0680(14)/ 2.0885(9)/ 2.084(2)/
2.0987(15) 2.0615(9) 2.101(2)
Mn(2)—0(1/2) 2.0987(15)/ 2.0833(9)/ 2.060(2)/
2.0680(14) 2.0537(10) 2.066(2)
Mn(1/2)-N(1/2) 2.0106(17)/ 1.9870(11)/ 2.015(3)/NA
2.0106(17) 1.9821(12)
Mn(1)-0(3) 2.1523(18) NA 2.171(2)
0(1)-Mn(1/2)—  79.33(6)/ 76.17(4)/ 79.26(9)/
0(2/2) 79.33(6) 76.45(4) 80.62(8)/
N(1/2)-Mn(1/2) 127.46(7)/ 123.51(4)/ 129.17(11)/NA
-0(1) 137.17(7) 128.09(4)
N(1/2)-Mn(1/2) 137.17(7)/ 139.67(4)/ 132.21(10)/NA
-0(2) 127.46(7) 138.58(5)
0(1/2)-Mn(1)—  108.03(7)/ NA 103.92(9)/
0(3) 91.62(7) 104.83(9)
106.70(7) NA 103.35(10)

N(1)=Mn(1)—
0(3)

“Divided entries refer to separate, related atoms and their associated
metrics in the order given, e.g, O(1)—Mn(1/2)—0(2) denotes 3
angles, O(1)—Mn(1)—O(2) and O(1)—Mn(2)—0(2), and N(6)—
Mn(1)-N(2). YAtoms numbered “1” and “2” are symmetry
equivalents, are numbered such for consistency with the other
structures, and are numbered differently in the Supporting
Information.

can be described as a dimer of Mn atoms bridged by the oxygen
atoms of the phenolate ligands. The manganese atoms are each
terminally coordinated by a NR, and a THF ligand, with the
entire cluster exhibiting a crystallographically imposed trans
geometry, as the molecule is located on a crystallographic
inversion center; it is likely that the cis geometry also exists in
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Table 3. Selected Metrics” for Structure of Mng(p5-O),(u-
OPh),,(THF), (5)

5
Mn(1/1/2/2)-0(1/2/1/2) 2.069(7)/2.279(7)/2.286(7)/
2.079(7)
Mn(3/4/6/7)—-0(1/1/2/2) 2.130(7()/)2.123(8)/2.096(7)/
2.151(8
Mn(1/5/2/8)—0(13/13/23/23) 2. 116(7()/)2 .054(7)/2.150(7)/
2.010
Mn(1/6/1/7)—0(11/11/12/12) 2.108(7)/2.065(8)/2.139(8)/
2.067(8)
Mn(2/3/2/4)—0(21/21/22/22 2.099(7)/2.090(8)/2.104(8)/
2.065(8)
Mn(3/5/4/5)—0(50/50/40/40) 2.096(7)/2.072(6)/2.087(8)/
2.067(8)
Mn(6/8/7/8)—0(80/80/70/70) 2.136(7)/2.072(7)/2.088(7)/
2.075(7)

Mn(3/4/5)—0(3/4/5)
Mn(6/7/8)—0(6/7/8)
Mn(1/1/2)--Mn(2/5/8)
Mn(1/1/8/8/)--Mn(6/7/6/7)

2.178(7)/2.191(7)/2.224(6)
2.152(6)/2.230(7)/2.182(6)
2.9296(12)/3.080(2)/3.068(2)

3.150(2)/3.154(2)/3.136(2)/
3.151(2)

3.119(2)/3.168(3)/3.1470(19)
/3.177(2)

3231(6)/2.921(8)/2.927(8)

2.884(9)/2.814(9)/2.809(12)/
2.876(10)

2.836(9)/2.866(10)/2.854(11)
/2.875(10)

95.9(2)/88.5(3)/95.4(2)/
87.6(3)

Mn(2/2/5/5/)-+(Mn(3/4/3/4)

0(1/1/2)--0(2/13/23)
O(1)--0(21/22/40/50)

0(2)--0(11/12/70/80)

0(1/1/1/2)-Mn(1/1/2/2)-0
(2/13/2/23)

0(1)—Mn(3)—0(21/30/50) 86.2(3)/86.2(3)/85.8(2)
O(1)—Mn(4)—0(22/30/40) 84.4(3)/85.9(3)/83.7(3)
0(2)—Mn(6)—0(11/60/80) 85.9(3)/86.6(3)/85.6(3)
0(2)—-Mn(7)—0(12/60/70) 85.5(3)/84.2(3)/84.6(3)
O(1)—Mn(5)—0(13/40/50) 85.4(3)/81.1(3)/83.3(3)
0(2)—Mn(8)—0(23/70/80) 86.9(3)/82.8(3)/83.5(3)
Planarityb

Mn(1/1/2), Mn(2/5/8), O(1/1/2), O 0.0058/0.0062/0.0192

(2/13/23)

Mn(1), Mn(6/7), O(2), O(11/12)
Mn(2), Mn(3/4), O(1), O(21/22)
Mn(5), Mn(3/4), O(1), O(50/40) 0.0705/0.1055

Mn(8), Mn(6/7), O(2), O(70/80) 0.0974/0.1114

Mn(1), Mn(2), Mn(3), Mn(8), O(1), O(2), 0.0421

0(13), 0(23)

“Divided entries refer to separate, related atoms and their associated
metrics in the order given, e.g, O(1)—Mn(3)—0(21/30) denotes 2
angles, and O(1)—Mn(3)—0(21) and O(1)—Mn(3)—0(30). *Calcu-

lated as rms deviation of atoms from their least-squares-fitted plane.

0.1334/0.1699
0.1676/0.1622

equilibrium in solution but is not obtained in crystalline form. A
number of structurally related 4-coordinate manganese—
organic-oxide dimers are known. 3030 The bridging phenolate
oxygens are slightly pyramidal, lying 0.27 A above the plane
defined by the two manganese atoms and the ipso carbon of the
phenol ring. Mn—O bond distances are ca. 2.07 and 2.10 A for
the two bridging contacts, with terminal ligand distances of 2.01
and 2.1S A for the Mn—N and Mn—O bonds, respectively. The
Mn,0, rhomb is slightly distorted with compression of the O—
Mn—O bond angle to ca. 79°, and expansion of the Mn—O—
Mn bond angle to 101°. The geometry around the metal atoms
is a severely distorted tetrahedron, perhaps better described as a
pyramidalized trigonal manganese atom with THF coordinated
axially. The Mn atom lies ca. 0.44 A above the plane defined by
the nitrogen, and the two bridging oxygen atoms.

I(\l |,I\/‘
:'\.\\1/ '\“',\ /\,
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Figure 3. Structure of Mn,(u-OPh),(NR,),(THF), (1) with ellipsoids
at 30% probability, Mn,(u-OC¢H;Ph,),(NR,), (2) with ellipsoids at
50% probability, and Mn;(u-OC4H,Ph,),(NR,),(THF), (4) with
ellipsoids at 50% probability. Carbon atoms are shown as open ellipses.
H-atoms omitted for clarity.

The structure of 2 (Figure 3) similarly exhibits a nearly
planar Mn,O, rhomb, with similar core bond distances of 2.06
and 2.08 A, but with a greater bond angle distortion than that
seen in the structure of 1, with the O—Mn—O bond angles
compressed to 76°, and the Mn—O—Mn bond angles widened
to 104°. Unlike in the structure of 1, the bridging oxygen atoms
are nearly planar, deviating from the plane of the two
manganese atoms and the aryl ipso carbon by only 0.06 A.
Unlike in the structure of 1, the metal atoms are 3-coordinate,
lacking the capping THF ligand. A related 3-coordinate
manganese—organic-oxide dimer has been reported.** The
metal atom is pyramidalized, lying 0.48 A above the plane
defined by its ligand atoms. Each manganese comes in close
proximity (2.65 A) to a phenyl group, which may be
responsible for the pyramidalization at Mn. The two
diphenylphenol groups are oriented differently from one
another, one being nearly perpendicular (82°) to the Mn,0O,
rhomb, and the other forming a dihedral angle of 47° between
the Mn,O, rhomb and the central arene. This orientation
allows interleaving of the pendant phenyl groups, and prevents
a steric clash between phenyl groups on either side of the dimer
core (Figure 4, left).

The structures of 3a and 3b (THF, and Et,0 complexes
respectively) exhibit similar geometries about the metal centers.
Mn—O bond lengths to the monoanionic diphenylphenol
ligands are in the range 1.94—1.95 A for both compounds,
while the contacts to the neutral ether-based ligands are ca. 2.16
A for 3a and 2.18—2.19 A for 3b. Due to steric constraints the
O—Mn—O bond angle between the diphenylphenol groups is
expanded to 140° in the case of 3a and 147° in the case of 3b.
The opposing bond angle between the ether ligands is
compressed to 87° and 96° for 3a and 3b, respectively. The
only major difference between the two structures is that the
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Figure 4. Top-down stick views of Mn—O rhombs. Rotational freedom of arenes in 2 permits interleaving (left). Hindered rotation of the arenes in
4 results in parallel stacked mestyl rings (right) and a steric clash (semicircles) between mesityl methyl groups, which distorts the central Mn

geometry. (across 2 columns).

3a

Figure S. Structures of Mn(OC4H;Ph,),(THF), (3a) and Mn(OC¢H;Ph,),(Et,0), (3b) with ellipsoids at 50% probability. Carbon atoms are
gu 3 3 p p ty.

shown as open ellipses. H-atoms omitted for clarity.

OC¢H;Ph, groups in 3b have a “twist” which places the
pendant phenyls of each ligand proximal to central arene of its
neighbor, whereas the OCsH;Ph, groups of 3a are of similar
orientation and in direct opposition to one another (see Figure
S).

The core structure of 4 (Figure 3) is best described as two
corner-fused Mn—O rhombs. The corner fusion at the central
manganese resides on a crystallographic C, symmetry element.
Related 3-coordinate homoleptic trinuclear clusters have been
reported by the groups of Power and Roesky.*” The rhombs
exhibit similar angle distortion with the Mn—O—Mn angles
compressed to ca. 80°, and the O—Mn—O angles widened to
ca. 100°. Two of the bridging oxygens are pyramidalized,
similar to that seen in 1 (0.35 A above the plane defined by the
ipso carbon and the two Mn atoms), while the other two are
nearly planar, similar to that seen in 2 (0.03 A above the
analogous plane). The terminal manganese atoms exhibit 4-
coordinate ligation, with the THF ligand occupying a fourth
axial ligation site above the trigonal pyramid of the Mn atom.
The increased steric congestion resulting from the methyl
groups on the mesityl ring forces these arene groups to stack
almost perfectly parallel to one another, and approximately
perpendicular to their respective Mn,O, rhombs (89° and 73°).
As described in the previous section, this stacking results in the
central Mn atom experiencing less steric congestion than the
terminal Mn atoms, which are coordinated by THF and the
bulky NR, ligands. However, this alignment of the arene rings
restricts arene rotational freedom and precludes interleaving.
This results in a steric clash between mesityl groups on the
neighboring rhombs, as seen in the spacefilling model in Figure
2 (interaction B). The arene orientation in 4 is also illustrated
in a top-down view of the Mn—O rhombs (Figure 4, right).

The result of this strain is a 27° twist in the core structure such
that the central Mn atom experiences a distortion away from
the tetrahedral geometry toward the square planar geometry, a
deviation from the expected 90° dihedral angle between the
rhombs to ca. 63° (7, value®® = 0.57 compared with 7, = 0.68
for 1).

The octanuclear cluster § crystallizes in the Cc space group,
but possesses a noncrystallographic inversion center between
the two molecules in the asymmetric unit. As a result, space
group determination software (X-Prep) consistently and
incorrectly selects C2/c as the most likely space group based
upon intensity statistics. This noncrystallographic symmetry
resulted in significant parameter correlation which was
addressed using appropriate restraints. Complex 5 (Figure 6)
exhibits a drastically different geometr‘y than the low-coordinate
MngO, cluster reported by Wright,”” and represents a unique
core in cluster chemistry. The central 4 Mn atoms are arranged
in three edge-fused Mn—O rhombs with approximate trigonal
bipyramidal geometry at the metal and oxygen atoms, and with
the axial direction parallel to the long-axis of the molecule. The
4 central rhombs are nearly coplanar (rms deviation, 0.04 A),
and approximately square, with both the Mn and O bond
angles in the range ca. 85—95°. The outermost Mn atoms are
terminally ligated by one THF molecule each. The exterior
oxygen atoms of these rhombs belong to PhO™ ligands, while
the central two oxygen atoms are water-derived oxide. Each of
these core oxides bridges to two more Mn atoms, which also
have trigonal bipyramidal geometry, but with the primary axis
oriented perpendicular to those in the central Mn and oxide
atoms, and with the axial positions occupied by the core oxo
and terminal THF ligands, and the equatorial positions
occupied by bridging PhO™ ligands. The cluster possesses
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Figure 6. Structure of Mng(us-O),(u-OPh),(THF), (5) with
ellipsoids at 50% probability. Carbon atoms are shown in stick
mode, and H-atoms are omitted for clarity.

approximate C,;, symmetry. To our knowledge, this cluster is
the first example of an entirely unchelated all-Mn—O cluster
core with coordination number exclusively less than 6.

Magnetic Measurements. The multinuclear clusters 4 and
S, being composed of more than two manganese ions, were
examined in more detail by magnetometry and EPR spectros-
copy. Cluster 4 is a linear trinuclear cluster of high-spin
manganese ions. Solid state magnetic data for crystalline 4 are
presented in Figure 7. The slope of the Curie—Weiss plot in the
region from 20 to 260 K gives a value of y of 9.98 Bohr
magneton, consistent with three randomly oriented para-
magnetic ions (theory = 10.25 Bohr magneton). The plot
exhibits a Weiss constant of —16.3 K consistent with weak
antiferromagnetic coupling of these ions, which couple below
10 K. Simulation of the magnetic data gives a coupling constant
of J = —1.2 cm™" (Figure 7, bottom).

Solid state magnetometry of compound $§ is presented in
Figure 8. The Curie—Weiss plot exhibits two linear regions with
a “kink” at approximately 85 K. The low temperature region fits
well to a straight line whose slope corresponds to a ¢ of 11.89
Bohr magneton, consistent with 4 randomly oriented (para-
magnetic) S = °/, ions (theory = 11.83 Bohr magneton). At
temperatures above 90 K, complex 4 undergoes a phase
transition to give a different Curie constant with p.¢ = 16.87,
and a large negative Weiss constant of —99 K. This region of
the plot is suggests 8 randomly oriented S = °/, ions (theory
=16.73 Bohr magneton) containing strong antiferromagnetic
coupling. The two-phase magnetic behavior is consistent with
the structure of cluster 5 which has two types of manganese
ions: the four central rhomb ions, and the four peripheral ions
(see Figure 6). At room temperature all 8 ions are randomly
oriented. At low temperature, four of the manganese ions
antiferromagnetically couple strongly, causing their spin
contributions to cancel, leaving 4 randomly oriented S = */,
ions.

EPR spectroscopy on crystalline octanuclear cluster § is
consistent with the magnetic data. At low temperatures (3.6 K),
the spectrum is an axial S = °/, system with a zero-field splitting
of ca. 500 G (Figure 9A, top). At elevated temperature, the

10101

25 -
20 1 _ 1245
Amol = 73163
2=
151 R*=0.9997
£
x
-
10 4
5 4
0 ©
0 50 100 150 200 250
Temperature (K)
12
11
10
g 4
Sl
g 8
o
€7
k
%61
5 4
4 e
3 4
2 T T T T T
0 50 100 150 200 250
Temperature (K)

Figure 7. Magnetic data for crystalline 4. Top: Curie—Weiss plot
giving p.g = 9.98 pp, consistent with 3 paramagnetic S = %/, ions
(theory 10.24 up) with a Weiss constant of —16.3 suggesting weak
antiferromagnetic coupling. Bottom: Plot of yT vs T with simulation. g
=193, J1, = J3 = —1.2 cm™". The deviation of the magnetic data from
the model at very low temperatures is due to the presence of a very
small number of noninteracting impurity spins.

signal remains as an S = °/, system, but with a change in signal
geometry to that of an axially distorted isotropic S = */, signal
centered around g = 2 (Figure 9A, bottom). At temperatures
just above 4 K, the sharper axial signal initially broadens, and
then becomes sharper as the temperature rises to 90 K. This
temperature-dependent line shape of the EPR spectrum of § is
illustrated in Figure 9B, and mirrors the magnetic data, which
indicates a transition between two S = 5/ » paramagnetic states.
Very similar behavior is observed for $ in solution, suggesting
that the structure of § is retained when $ is dissolved in toluene
(see Supporting Information).

B CONCLUDING REMARKS

Significant strides have been made in the exploration and
structural characterization of manganese—oxo cluster chemistry
in the past few decades. To enhance understanding of
geometric rearrangement, and water binding and activation at
such systems, manganese cluster systems with increased core
lability and open coordination sites are needed. We have
presented an Mn—O cluster with coordination number
exclusively less than 6 and without chelation. These are
attractive features for the design of systems which have both the
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Figure 8. Magnetic data for crystalline 5. Curie—Weiss plot giving pg
= 16.87 pip in the region 100—260 K, consistent with 8 paramagnetic S
5/, ions (theory 16.73 ug) with a Weiss constant of —99.1 K
suggesting strong antiferromagnetic coupling. In the region 2—70 K,
the Curie—Weiss plot gives pug 11.89 pp consistent with 4
paramagnetic S = 3/, ions (theory 11.83 yy) with a Weiss constant
of —8.13 K suggesting weak antiferromagnetic coupling.

ability to bind substrates to open coordination sites, and the
lability to undergo facile chemical transformation. Despite the
removal of stabilizing chelation and 6-coordination, the cluster
is formed from (and stable to) dilute, solution-phase water.
While the data do not directly support the presumed lability of
the reported clusters, the lack of the entropic chelate effect is
expected to labilize the reported systems, and favor reactive
flexibility. Further studies exploring the reactivity of these
systems, as well as the generation of new low-coordinate,
unchelated systems with increased oxidation number, are
planned in order to expand knowledge of this new class of
cluster compounds.

B EXPERIMENTAL SECTION

General Methods. All manipulations were performed under a dry,
anaerobic N, atmosphere using Schlenk and glovebox techniques.
Reagents and solvents were purchased from commercial vendors
(Aldrich, Strem Chemicals), were of highest available purity, and were
used without further purification unless otherwise noted. Anhydrous
solvents such as pentane and dichloromethane (DCM) were purified
using an Innovative Technology, Inc. Pure Solv system and stored in
the glovebox over activated 4 A molecular sieves for at least 24 h
before use. Tetrahydrofuran (THF), ether (Et,0), and hexamethyldi-
siloxane (HMDS) were distilled from sodium benzophenone ketyl
under a nitrogen atmosphere and stored in the glovebox over 4-A
molecular sieves for 10 h. The synthesis of Mn[N(SiMe,),], was
performed according to a published protocol.”® 'H NMR spectra were
recorded on a Bruker Avance 400 MHz spectrometer with spectral
width of 200 ppm. Values for chemical shifts (ppm) are referenced to
the residual solvent proton resonances. Crystal diffraction data for all
compounds were collected using a Bruker Kappa APEX II DUO
diffractometer using Mo Ko radiation (4 = 0.71073) from a fine-
focused sealed tube. Data was collected at 100 K, 173 K, or room
temperature, and structures were solved using direct methods. The X-
ray data of compound 1 was collected at room temperature by coating
crystal with epoxy. Further crystallographic information is available in
the Supporting Information. Solid state magnetic measurements were
carried out on a Quantum Design Model 6000 Physical Property
Measurement System. Temperature was varied from 2 to 260 K at a
constant field of 9998 Oe. The magnetic susceptibility was corrected
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Figure 9. EPR spectra of crystalline 5, MW freq 9.437, MW power =
2.012 mW, GHz, mod freq 100 kHz, mod amp 7 G: (A) spectral data
(—) and simulation (---) of crystalline 5 at 3.6 K and 95 K; (B)
temperature dependent EPR signals between 3.6 and 95 K.

for the diamagnetic contributions of the sample apparatus using
experimentally determined temperature-independent diamagnetic
susceptibility values, and for the diamagnetic ligands using Pascal’s
constants.** Magnetic data for compound 4 was simulated using JulX
magnetic simulation software by E. Bill*® Elemental analyses were
carried out under inert atmosphere by Midwest Microlab, LLC
(Indianapolis, IN). EPR spectroscopy was performed using a Bruker
EMX EPR spectrometer equipped with a liquid He cryostat. EPR data
were simulated using the Bruker SimFonia software package.
Synthesis of Mn,(u-OPh),[N(SiMe3),],(THF), (1). To a solution
of Mn[N(SiMe;),], (188 mg, 0.502 mmol) in THF (S mL) was added
anhydrous phenol (47 mg, 0.50 mmol) in THF (5 mL). The resultant
mixture is then transferred into a high-pressure flask, sealed under
nitrogen atmosphere, and stirred at 70—75 °C. The solution turns
from a white cloudy precipitate to black brown within the time course
of 1—2 h. The reaction mixture is filtered, and filtrate is concentrated
to ca. 3 mL under vacuum. Clear crystals were obtained at room
temperature. The supernatant THF was decanted, and the crystals
were rinsed with pentane and dried in vacuo. Yield: 0.083 g (44%
based on Mn). Anal. Calcd for C;,Hg,Mn,N,0,Si,: C, 50.50; H, 8.21;
N, 3.68. Found: C, 49.99; H, 7.95; N, 3.69. 'H NMR [ppm] (400
MHz, C¢Dg): 6 —23 (v br), 9 (v br), 30 (v br), 33 (v br).
Synthesis of [Mn,(OC¢H;Ph,),[N(SiMe;),] (2). A nonstoichio-
metric ratio of reactants was found to give the best purity in the
synthesis of 2.>'Mn[N(SiMe;),], (0.20 g, 0.53 mmol) was dissolved in
dichloromethane (S mL) to which 2,6-diphenyl phenol (0.032 g, 0.13
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mmol) is added. The resultant brown reaction mixture was stirred at
room temperature for 1 h in nitrogen atmosphere. The solution is then
filtered and concentrated to ca. 1 mL. The filtrate was crystallized at
low temperature (—30 °C) by vapor diffusion method using
hexamethyldisiloxane as vapor absorbent. The clear crystals were
filtered after 2—3 days, washed with cold pentane, and dried in vacuo.
Yield: 0.020 g, 33% based on Mn used). Anal. Calcd for
CusHMn,N,0,8i,: C, 62.58; H, 6.78; N, 3.04. Found: C, 62.40; H,
6.45; N, 2.57.

Synthesis of [Mn(OC¢H;Ph,), (THF),] (3a). The compound
Mn[N(SiMe;),], (0.188 g, 0.50 mmol) was dissolved in 10 mL of dry
tetrahydrofuran followed by addition of 2,6-diphenyl phenol (0.246 g,
1.00 mmol) stirred for 1 h. The resultant reaction mixture was filtered
and concentrated to ca. 2 mL under vacuum and crystallized at low
temperature (—30 °C) by using n-pentane (vapor diffusion technique).
The clear crystals are filtered after 2—3 days and dried in vacuo for
analyses. Yield: 0.185 g (53% based on Mn used). Anal. Calcd for
C.H,,MnO,: C, 76.62; H, 6.14. Found: C, 76.18; H, 6.25. '"H NMR
[ppm] (400 MHz, CsDy): 6 4.5 (v br), 8 (v br), 33 (v br).

Synthesis of [Mn(OCgHsPh,), (Et,0),]1 (3b). The starting
material Mn[N(SiMe;),], (0.187 g, 0.50 mmol) was dissolved in 10
mL of dry diethyl ether followed by addition of 2,6-diphenyl phenol
(0.246 g, 1.00 mmol), stirred for 1 h. and filtered. The filtrate is kept at
low temperature (—30 °C) from which white crystalline material
appeared after two days. This was filtered and dried under vacuum for
analysis. Yield: 0.22 g (64%). Anal. Calcd for C,;H,sMnO,: C, 76.17;
H, 6.68. Found: C, 76.20; H, 6.7.

Synthesis of Mn;[N(SiMe;),],(OMes),(THF),] (4). To a solution
of Mn[N(SiMe;),], (188 mg, 0.502 mmol) in THF (5 mL) was added
2,4,6-trimethylphenol (68 mg, 0.50 mmol) in THF (S mL). The
resultant mixture is then transferred into a high-pressure vial, sealed
under nitrogen atmosphere, and stirred at high temperature of 70—75
© C. The solution turns from a cloudy precipitate to light brown within
the time course of 1—2 h. Clear crystals were obtained after filtration
and reduction of filtrate volume to ca. 1 mL. The crystals were
collected by decanting, rinsing with pentane, and drying in vacuo.
Yield: 0.095 g (49% based on Mn used). Anal. Calcd for
CiHogMnyN,O4Si,: C, 57.46; H, 8.27; N, 2.39. Found: C, 57.23; H,
7.97; N, 2.29. "H NMR [ppm] (400 MHz, C¢Dy): 6 12.2 (v br), 29 (v
br), 33 (v br), 37.5 (v br).

Synthesis of Mng(0),(OPh),,(THF); (5). Method A: To a
solution of Mn[N(SiMe;),], (188 mg, 0.502 mmol) in THF (S
mL) was added unpurified (wet) phenol (47 mg, 0.50 mmol) in THF
(5 mL). The resultant mixture is then transferred into a high-pressure
vial, sealed under nitrogen atmosphere, and stirred at high temperature
of 90 °C. The solution turns first to cloudy white, and then to dark
brown within the time course of 1—2 h. The reaction mixture is
filtered, and filtrate is dried under vacuum. The dried residue is then
redissolved in a small amount of THE. From this solution, clear
crystalline material was obtained by vapor diffusion with pentane in 2—
3 days. Yield: 0.028 g (22% based on Mn used). Anal. Calcd for
CegHo,MnO 5 C, 56.31; H, 4.94. Found: C, 55.96; H, 5.20. "H NMR
[ppm] (400 MHz, CDCly): 6 5.2 (v br), 30 (v br.), 36 (v br).

Method B: A (20 mg, 0.026 mmol) sample of 1 was dissolved in
THF (15 mL) and to this mixture 5.0 uL of degassed DI water was
added via syringe. The resultant mixture is then transferred into a high-
pressure vial and sealed under nitrogen atmosphere and stirred at high
temperature of 90 °C for two hours. The reaction mixture is filtered
and filtrate is dried under vacuum. The dried residue is then
redissolved in small amount of THF. From this solution, clear
crystalline material was obtained by vapor diffusion with pentane in 2—

3 days.

B ASSOCIATED CONTENT

© Supporting Information

Full crystallographic tables, crystallographic information files
(CIF), NMR spectra, and EPR spectra of § in toluene. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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