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least one constituent of the product has a limited solubility in
it. Under our reaction conditions, indium metal (m.p. 157°C)
is indeed molten and dissolves less than 0.001 atomic %
nitrogen.'™ The most obvious characteristics of the VLS
and SLSP 1 mechanisms—one-dimensional fiber or whisker
growth morphologies and attached metal-catalyst particles—
were clearly evident in the InN samples produced. Conse-
quently, all the key indicators of the SLS growth mechanism
were present.

The SLS growth process has been previously demonstrated
for group III element phosphides and arsenides,” ° which are
thermally stable at conventional growth temperatures. How-
ever, indium nitride is not. The SLS mechanism operates at
very low temperatures in comparison to conventional materi-
als-synthesis methods, presumably because it is catalytic and
lowers energy barriers for both precursor decomposition and
the interfacial steps required for nonmolecular crystal growth
(crystal lattice assembly). SLS synthesis of other thermally
unstable compounds and crystal structures should be possible.

Experimental Section

Compounds Bu;In!"¥ and iPr;In™ were prepared according to the
literature. The synthesis of rBu,InN; (1b) is described here; iPr,InN; (1a)
was prepared similarly. MeOH (225 pL, 0.178 g, 5.55 mmol) was added to a
dry, O,-free solution of tBu;In (1.61 g, 5.63 mmol) in hexane (20 mL) at
25°C. The mixture was stirred for 10 min and then N;SiMe; (0.800 mL,
0.660 g, 5.73 mmol) was added, instantly generating a fine white precipitate.
The slurry was stirred for 2 h. Precursor 1b was then collected by filtration
and washed with 2 x5mL of hexane (yield: 1.39 g, 5.12 mmol, 91%).
Analytical data for 1b: m.p. 210°C (dec.); elemental analysis calcd for
CgH3InN;: C 3545, H 6.69, N 15.50; found: C 35.74, H 6.46, N 15.44;
'"H NMR ([DgJacetone): 6 =1.29 (s, 18 H); IR (KBr): #=2087 cm™! (asym.
N;). Analytical data for 1a: m.p. 181°C; '"H NMR ([Ds]pyridine): 6 =1.34
(d, 12H, J=6.6 Hz), 1.45 (m, 2H); IR (KBr): #=2075 cm™' (asym. Nj).

In a typical InN synthesis, 1a or 1b (1.5 mmol) and 1,1-dimethylhydrazine
(3.0 mmol) were combined in dry, O,-free 1,3-diisopropylbenzene (10 mL)
at 25°C. The mixture was stirred for 2 h, then heated to reflux at 203°C (in a
sand bath under an efficient condensor) for 20 h. The resulting, air-stable
InN/In product was collected by filtration and washed with 2 x 10 mL of
pentane (yield: 90—95 %). Elemental analysis caled for InN: C 0, H 0, N
10.88, In 89.13; found (from 1a): C 1.87, H 0.12, N 7.31, In 84.1; found (from
1b): C 2.05, H 0.19, N 8.39, In 81.6.
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The most common structure for a 10-vertex polyhedral
cluster with a 2n+2 skeletal electron count (where n is the
number of vertices) is the bicapped square antiprism (I;
Scheme 1).[' In one of the two known isomeric forms of these
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Scheme 1. Structural relationship between closo-2-metalladecaborane (I)
and hypercloso-1-metalladecaborane (II) clusters.

closo-monometalladecaborane clusters, the metal center occu-
pies a polar in the other a tropical position. However, the
alternative hypercloso deltahedral structure II was observed
for some monometalladecaborane clusters. The two structural
types I and II are proposed to be related by a single diamond —
square —diamond (DSD) process (Scheme 1).12]

In our studies on the photochemistry of nonaborane
organometallic derivatives of manganese, rhodium, and
rhenium, we found that nido-borate 17,81 upon irradiation,
was converted in high yield into cage-unsubstituted hyper-
closo-borate 2-, with structure II, by the loss of two
equivalents of molecular hydrogen (Figure 1).F The synthesis
and characterization of the two similar, albeit cage-substitut-
ed, hypercloso complexes 4 and § by different pathways was
also reported previously.”l Underivatized compounds such as
2~ and [1-(°-CeMeg)Rh-hypercloso-BoHo|F! provide insights
into the relationship between structures I and II for cage-
unsubstituted 10-vertex clusters.[%7] Fundamental questions
remain, however, concerning the description of compounds
2 -5 as either hypercloso 2n electron systems!® 8l or as isomers
of closo (isocloso) 2n+2 electron systems which apparently
violate Wade’s rules.”

Extended Hiickel MO calculations on the model system
[(CO);RhByH,|™/[(CO);RhByHy|~ showed that the bicapped
square antiprismatic structure I is preferred for the 2n+2
skeletal electron count (closo), while the Cj, structure II is
favored for 2n electron systems (hypercloso).’! The only
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Figure 1. Photochemical generation of 2~ and structures of known hypercloso-nonaborane

complexes (terminal hydrogen atoms omitted for clarity).
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example of a closo to hypercloso conversion was reported for
the reaction of § with CS, to yield the cage-substituted
cluster [10-(PPh;)-2,6:2,9-(u-S,CH),-2-(0-u-PPh,CsH,)-closo-
2-IrB;Hg] .7 An equilibrium between the hypercloso and
closo forms was proposed by Hawthorne etal. for the
[6-(PEt;);-closo-6,2,3-RuC,B,H,|/[1-(PEt;),-hypercloso-1,2,3-
RuC,B;H,| system.''l While a simple two-electron redox
process should interconvert these structures, this has never
been experimentally shown for underivatized metalladeca-
borane species.

Here we report the first reversible and quantitative
interconversion of an unsubstituted hypercloso-metalladeca-
borane (Cj, structure II) into the corresponding bicapped
square-antiprismatic closo-2-metalladecaborane (structure I)
by a simple chemical redox process (Scheme 2). The starting
material 6°! was cleanly reduced by two equivalents of sodium

<>

2 NaCjoHg

"2 CroHs gz\
<>

[2-CgMeg-closo-2-RuBgHg] 2

g-
[1-CeMes-1-RuBgHg] ~

Scheme 2. Interconversion of 6 and 7>~ and the proposed inter-

mediate radical anion species 8~ (terminal hydrogen atoms omitted for

clarity).

dihydronaphthylide to form the cage-unsubstituted complex
7°~. This dianion was isolated in 86 % yield as pale yellow, air-
sensitive disodium salts [Na(dme)],[7] and [Na(thf),],[7].
These compounds were characterized by NMR spectrosco-
py''l and an X-ray crystal structure analysis for [Na(thf),],[7].
The intensities of the signals in the one-
dimensional "B NMR spectrum and the
HB-1B COSY NMR correlations of 7%~
were consistent with a bicapped square-anti-
prismatic structure in which the metal atom
occupies a tropical 2-position (C;). In addi-
tion, the NMR data of 77~ are very similar to
those reported for structurally characterized
closo-2-metalladecaborane clusters. The 'B
NMR spectrum of 7 consists of six proton-
coupled doublets at 60=35.1, —0.1, —6.1,

P —9.5, —26.3, and —279 in a 1:1:2:1:2:2 ratio.
_ The "B chemical shift of the B(1) atom had
T the characteristic low-field value of &=
+35.1, as is often observed for low-connec-
tivity cage vertices, especially when they are
adjacent to a metal center.]

The molecular structure of 7>-, determined
by an X-ray single-crystal analysis of
[Na(thf),],[7], was consistent with a structure
based upon a 22-electron ten-vertex closo-
RuB, cluster in which the metal atom occu-
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pies a tropical site of a bicapped Archimedian square
antiprism. The boron—boron and boron-metal distances of
7>~ are quite typical for polyhedral closo-metallaboranes. The
ByRu cage consists of a distorted square antiprismatic frame-
work, while the ruthenium atom displays a pseudooctahedral
geometry. The dianion 7>~ is one of very few crystallograph-
ically characterized closo-metalladecaborane clusters and the
only example that bears the same charge as the parent closo-
B,oH,,>~ cluster. The other related, albeit cage-substituted,
examples are [2-(CsHs)-3,10-(PMe,Ph),-closo-2-RhByH,] !
a subcluster in [(CsMes)RhBy(SMe,)H,;,RhB,H,(SMe,)],>!
[2,2-(PH;),-10-(PPh;)-2-(0-u-PPh,C¢H,)-closo-2-IrByH,] 2"
and the analogous [2,10-(PPh;),-2,6:2,9-(u-S,CH),-closo-2-
IrByH¢] and [10-(PPh;)-2,6;2,9-(u-S,CH),-2-(0-u-PPh,CsH,)-
closo-2-IrBgHg]~ .1} Also related are heterometallic clusters
such as closo-[2,2,2-(PMe;),H-2,1-IrSBgH;].['

Interestingly, the relatively stable radical anion intermedi-
ate 8'~ was observed on one-electron oxidation of 7>~. The ''B
NMR spectrum of 8~ consists of proton-coupled doublets at
0=90.0, 21.5, and —14.2 in a 1:1:1 ratio. On the basis of
spectroscopic data, 8~ is believed to have a C;, structure
related to that of the hypercloso-cluster 6. The complex also
displayed a broad, unresolved signal in the EPR spectrum.
Further oxidation of 8~ converted it quantitatively into the
hypercloso-complex 6.

This is the first example of a chemically reversible hyper-
closo —closo—hypercloso redox interconversion and further
represents the first hypercloso—closo process of a noncage
substituted compound. We are currently exploring the struc-
ture and chemistry of the radical anion intermediate 8.

Experimental Section

[Na(dme)],][7]: Under a nitrogen atmosphere, a dry, degassed 0.10M
solution of sodium dihydronaphthylide in dimethoxyethane (DME) was
slowly added to a suspension of 6°! (130 mg, 0.35 mmol) in dry, degassed
DME (20 mL) at —40°C, during which time 6 completely dissolved.
Addition of the reducing agent was stopped when its dark green color
persisted in solution (approximately 7 mL). 'B NMR spectroscopy showed
complete conversion of 6 to [Na(dme)],[7]. The solution was then slowly
warmed to room temperature, during which time a precipitate was formed,
and stored overnight at 15°C. The solid was filtered off, washed with 2 mL
of dry, degassed DME and dried in vacuo. [Na(dme)],[7] was obtained as a
pale yellow, air-sensitive solid (180 mg, 86.4% yield). The salt is only
slightly soluble in THF and DME, more soluble in CH;CN, and very soluble
in water (degassed). "B NMR (96.3 MHz, CD;CN): 6 =35.1 (d, Ygy=
137 Hz, 1B, B(1)), —0.1 (d, /gy =138 Hz, 1B, B(10)), —6.1 (d, Jgu=
107 Hz, 2B, B(6,7)), —9.5 (d, UJsy=116 Hz, 1B, B(4)), —26.3 (d, Uy =
110 Hz, 2B, B(3.5)), —279 (d, Vs =126 Hz, 2B, B(8,9)); 'B-""B COSY
NMR correlations: 1 (4,3,5),10(6,7,8,9),6,7 (10, 3,5),4 (1,8,9),3,5 (1,6,
7),8,9(10,4); '"H{""B} NMR (300.1 MHz, CD;CN): 6 =4.97 (s, BH,,,), 3.47
(s, 8H, H;COCH,),), 3.29 (s, 12H, H;COCH,),), 1.88 (s, 18 H, Cs(CH;)s),
3.01 (s, BHco), —0.99 (s, BH,,,), — 1.16 (s, BH,,,). X-ray structure analysis
of [Na(thf),],[7]:1"¥ Siemens SMART CCD diffractometer, Mo, radiation,
CysHsoBoyNa,O,Ru (M,=704.09), monoclinic, space group P2,/c, a=
19.2595(1), b=13.8368(1), c¢=13.75342) A, p=90.244(1)°, V=
3665.08(6) A3, Z=4, peyea=1.276 gcm=.

[Na(thf),],[7] was prepared in an identical fashion to [Na(dme) |,[7], except
that THF was substituted for DME. The THF-solvated compound was
employed here since it was more soluble in ether solvents and gave superior
crystals. Pale yellow crystals of [Na(thf),],[7] were grown from a saturated
solution in THF/hexane at —15°C. The crystals were removed from the
Schlenk tube under a stream of inert gas and immediately covered with a
layer of viscous hydrocarbon oil. A suitable crystal was selected under the
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microscope, attached to a glass fiber and immediately placed in the low-
temperature nitrogen stream of the diffractometer.l"> ¥l The data collection
covered over a hemisphere of reciprocal space by a combination of three
sets of exposures. Each exposure covered 0.3° in w. Crystal decay was
monitored by repeating the initial frames at the end of data collection and
analyzing the duplicate reflections. No decay was observed. 7=150(2) K,
2.12 <26 <56.40; 29272 reflections measured, of which 8590 were unique
and 7485 observed (I>20(I)). Solution: direct methods. Full-matrix
refinement on F2 (SHELXL93); empirical absorption correction applied
(SADABS). Four THF solvent molecules and the hydrogen atoms of the
boron cage were located in the difference map and were refined with free
coordinates and displacement parameters; 453 parameters, wR, =0.0731
for all data, R, =0.0292 (I>20(I)). Crystallographic data (excluding
structure factors) for the structure reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as supple-
mentary publication no. CCDC-138294. 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).

Oxidation of [Na(dme)],[7]: Under an inert atmosphere, a sample of the
complex in dry, degassed CD;CN was exposed to the air by removal of the
stopper for 1 s. The tube was then resealed. The initial pale yellow color of
7% turned red. The "B NMR spectrum of this solution showed, besides
signals for 6 and 7°-, three new signals at § =90.0, 21.5, and —14.2 (1:1:1).
Upon further exposure to the air, the 'B NMR spectrum showed signals
only for the completely oxidized complex 6 (6 =94.6, 279, and —12.3).
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