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Further, the geometry of the lumen of the a-hemolysin pore
will allow the examination of several effects important in
organic chemistry, such as the properties of neighboring
groups introduced by mutagenesis or targeted chemical
modification. Although the present system is restricted to
aqueous chemistry on a protein surface, the general principle
might be extended to alternative detection methods that work
in different environments.

In addition, the electrical signals from reversible covalent-
bond-forming reactions are rich in information and could be
employed in stochastic sensing!!’! to detect organoarsenic
species (such as the vesicant lewisite, 2-chlorovinyldichloro-
arsane) and other reactive molecules, such as nerve and
mustard “gases”. Because different patterns of residues can
be engineered within the lumen of the a-hemolysin pore, the
approach should be adaptable to a wide range of chemical
systems. Finally, chemical modification at cysteine has played
a major role in determining the structures of ion channels in
different conformational states.’>34 It seems likely that
reversible chemical modification at cysteine, during single-
channel recording, will be valuable in this area too.

Experimental procedures for the preparation of the Pgy
pore, the synthesis of 4-sulfophenylarsane oxide, and single
channel recording are available in the Supporting Informa-
tion.
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Hydroboration of Coordinated Dinitrogen: A
New Reaction for the N, Ligand that Results in
Its Functionalization and Cleavage™**

Michael D. Fryzuk,* Bruce A. MacKay,
Samuel A. Johnson, and Brian O. Patrick

An essential process in nitrogen fixation is cleavage of
molecular nitrogen.l Several studies using model systems
have confirmed that metal nitrides can be formed from
coordinated dinitrogen providing that at least six electrons are
available to formally reduce the N, unit to two N3~ ligands.?!
To date, all well-characterized molecular examples of metal
nitride formation from dinitrogen have involved intermedi-
ates containing multiple metal atoms. Therefore, comparisons
have been made to the polymetallic FeMoco active site in
nitrogenase enzymes, and activated iron surfaces in the Haber
process.’l Herein we report a completely new way to form
metal nitrides from coordinated dinitrogen that involves
simple organoborane addition to a dinuclear tantalum dini-
trogen complex. Because this result is quite unrelated to
either biological or industrial nitrogen fixation, we suggest
that a new paradigm for both cleaving and functionalizing
coordinated dinitrogen is now available.

We have reported the facile preparation of [{(NPN)Ta},-
(w-H),(un'1?-N,) ] (1; where NPN = (PhNSiMe,CH,),PPh),
from the spontaneous reaction of N, gas with the dinuclear
tantalum(v)-hydride precursor [{(NPN)Ta},(u-H),]. Equa-
tion (1) shows the 1:1 reaction between dark brown 1 and a
THF solution of 9-borabicyclononane (9-BBN), which pro-
ceeds to completion over a few hours at room temperature to
give orange [{(NPN)Ta(H)}(s-H),(1-N,-BC;H, ){Ta(NPN)]]
(2), in almost quantitative yield.
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The 3'P{'"H} NMR spectra of 1 and 2 each show the presence
of a pair of inequivalent phosphane ligands, but the solution
'H NMR spectrum of 2 indicates C; symmetry rather than the
C, symmetry exhibited by 1. This finding is supported by the
solid-state molecular structure of 2, which was obtained by X-
ray diffraction® (Figure 1). The N—N bond of the dinitrogen
moiety has been elongated from 1.319(4) A in 1 to
1.411(15) A in 2. The B—N bond length is 1.40(2) A, the sum
of the angles around B1 atom is 360.0°, and the sum of angles
around N1 is 354.6°. The ditantalum—dinitrogen core of the
molecule is nearly planar, with an N1-Tal-Ta2-N2 torsion
angle of —6.3(6)°. The NPN ligand bound to Tal appears to be
occupying three facial sites with phosphane P1 trans to the Ta—
Ta axis, amide N3 trans to the dinitrogen fragment, and amide
N4 cis to N3 (angle N3-Tal-N4 95.3(5)°), which leaves one
face of the Ta atom open. Thus, it is likely that the terminal
hydride resides on this vacant face.l¥! The resonance signal of
this hydride is clearly evident at = 15.31 ppm in the '"H NMR

Figure 1. ORTEP drawing of the molecular structure of 2 as determined by
X-ray crystallography (thermal ellipsoids set at the 50 % level). Silyl
methyl and phenyl ring carbon atoms, other than the ipso carbon atoms, are
omitted for clarity. Hydrides were placed using X-HYDEX. Selected bond
lengths [A], bond angles [°], and torsion angles [°]: N1-N2 1.411(15), Tal-
N1 2.123(12), Tal-N2 2.200(12), Ta2-N2 1.833(11), N1-B1 1.40(2), Tal-P1
2.583(4), Tal-N3 2.076(13), Tal-N4 2.110(11), Ta2-P2 2.606(4), Ta2-N5
2.022(11), Ta2-N6 2.019(12), Tal--Ta2 2.8483(8); Tal-N1-N2 73.9(7),
68.0(7), Tal-N2-Ta 2 89.4(5), Tal-N1-B1 163.1(10), N1-Tal-N3 162.0(5),
N3-Tal-N4 95.3(5), N3-Tal-P1 81.0(3), P1-Tal-Ta2 152.17(10), N2-Ta2-P2
163.8(4), N5-Ta2-N6 106.0(5); Tal-N1-N2-Ta2 6.3(6), P1-Tal-Ta2-P2
—117.8(2), P2-Ta2-Tal-N2 —174.7(5), P2-Ta2-Tal-N3 —4.4(4), P2-Ta2-
Tal-N4 106.2(4), B1-N1-N2-Tal —168.8(18).
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spectrum of 2. Surprisingly, no exchange is

N\ observed between the terminal hydride and

the two bridging hydride ligands of 2, either
on the NMR timescale as explored by
EXSY-NMR spectroscopy or on the chem-
ical timescale in the di-yu-deuterio iso-
Ph topomer p-D,-2 (prepared from deuterated
1). We have reported elsewherel® that the
HOMO of the [Ta,(u-n'n*N,)] core of 1
has m-bonding character between Tal and
N1 (numbering as in the structure of 2), and
therefore this reaction can be described as
the hydroboration of a metal-dinitrogen 7 bond. To our
knowledge, this B-H addition across a metal-dinitrogen unit
is unique, although simple borylations of coordinated dini-
trogen have been reported.’!

The 9-BBN adduct 2 is thermally unstable and gradually
undergoes further spontaneous rearrangement. Over four to
six weeks in solution, 2 is transformed into the imide-nitride
complex 3 (Figure 2) in 42 % yield. Like 2, the imide-nitride 3
displays C, symmetry in solution, as shown by NMR spectro-
scopic experiments, and in the solid-state as demonstrated by
the structure obtained by X-ray crystallography.”® The
numerous rearrangements leading to 3 include N—N bond
scission accompanied by the loss of the three hydride ligands
and one phenyl group from an amido donor (see below).
Although the ancillary NPN ligand bound to Tal has clearly
undergone an irreversible rearrangement, the other NPN
ligand is unchanged. A highly organized square-planar Ta,N,
motif is present in the core of the molecule, with one bridging
N atom bound to a Si atom of the rearranged ligand. The
borylamido unit of 2 has been transformed into a borylimido
fragment with a Tal-N1 bond of 1.818(5) A. The solution 'H
NMR spectrum of 3 shows no resonances indicative of
hydride ligands, and the observation of D, gas (detected by
GCMS) in the headspace above solutions of 3 derived from p-

Figure 2. ORTEP drawing of the molecular structure of 3 as determined by
X-ray crystallography (thermal ellipsoids set at the 50 % level). Silyl
methyl groups and phenyl ring carbons, other than the ipso carbons, are
omitted for clarity. Selected bond lengths [A], bond angles [°], and torsion
angles [°]: Tal-N1 1.818(5), N1-B1 1.404(9), Tal-N2 2.121(5), N2-Ta2
1.968(5), Ta2-N3 1.826(5), N3-Tal 1.995(5), N2-Sil 1.717(5), Tal-N4
2.052(5), Tal-P1 2.672(2), Ta2-N5 2.062(5), Ta2-N6 2.076(5), Ta2-P2
2.683(1); Tal-N2-Ta2 99.5(2), N2-Ta2-N3 89.0(22), Ta2-N3-Tal 99.5(2),
N3-Tal-N2 80.5(2), Tal-N1-B1 167.0(5), N1-Tal-P1 102.9(2), N1-Tal-N4
111.4(2), Tal-N2-Sil 125.4(3), N3-Ta2-N5 116.3(2), N3-Ta2-N6 116.3(2),
N3-Ta2-P2 93.0(2); Tal-N2-Ta2-N3 —0.5(2), Tal-Ta2-N2-Sil 174.9(6), N1-
Tal-N2-Ta2 —110.9(2), P1-Tal-Ta2-P2 143.15(6), Ta2-N2-Tal-N4 97.1(3).
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D,-2 indicates the reductive elimination of bridging D groups
as D, and thus, elimination of bridging hydrides as H, from
the non-deuterated compounds. The parent dinitrogen com-
plex 1 tolerates several days of reflux in toluene with no
elimination or rearrangement of any kind; therefore this
intricate transformation is triggered by addition of the
organoborane.

The atoms of the dinitrogen unit of 2 apparently correspond
to N1 of the boryl imide and bridging nitride N3 of 3, which
implies that the bridging amide N2 is derived from the
ancillary NPN ligand by loss of its phenyl substituent.
However, the transformations leading to 3 are in fact more
complicated. It is relatively simple to prepare "N,-1 from
enriched °N, and the hydride precursor [{(NPN)Ta},(u-H),],
which allows the synthesis of ®N,-2 and N,-3. While N
NMR spectroscopy is not helpful in exploring the conversion
of 2 into 3, comparison of the 2’Si-DEPT NMR spectra of 3
and labeled N,-3 unequivocally establishes that a silicon
migration occurs during formation of 3. Unlabeled 3 (top
spectrum, Figure 3) gives rise to four doublets in the NMR
spectrum (a small two-bond coupling to 3'P is observed in all
»Si spectra of the NPN ligand), in agreement with C,
symmetry which results in four distinct silicon environments.
In ®N,-3 (bottom spectrum, Figure 3) one of these signals
changes to an AMX doublet of doublets consistent with
additional coupling to N (I/=1/2). Therefore N2 of 3
originates in the dinitrogen ligand of 2, and the NPN silicon
atom Sil has migrated to it from an NPN-ligand amide.
Although there is precedent for intramolecular silicon migra-
tion between nitrogen and oxygen atoms of differing nucle-
ophilicity,® this is an instance of an amide and a nitride
competing for an electrophilic silyl group.
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Figure 3. ?Si-DEPT NMR spectra of complex 3 (top) and the isotopomer
5N,-3 (bottom). Additional splitting in the peak at 0 =13.64 ppm (*) is a
result of BN coupling (I=1/2, Uyg=3.2 Hz).
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The discovery of an intermediate in the conversion of 2 into
3 supports this assessment and provides further insight into
this process. Judicious concentration and cooling of a THF
solution of 2 left in a glove box at 15°C for three weeks
produced a crystalline material unlike 2 or 3 by its P NMR
spectrum. The solid-state molecular structure of 4°°! is shown
in Figure 4, and, like 3, it shows the square imide—nitride motif
associated with N—N bond cleavage, substantial rearrange-
ment of one NPN ligand, and the absence of hydride ligands
bridging the Ta-Ta unit. Although structural parameters for
the square Ta,N, motif in 4 are not significantly different from
those of 3, there are two key features of 4 that are not shared
with 3. First, the geometry at B1, which is trigonal planar in 3,

Figure 4. ORTEP drawing of the solid-state molecular structure of 4 as
determined by X-ray crystallography (thermal ellipsoids set at the 50 %
level). Silyl methyl groups and phenyl ring carbon atoms, other than the
ipso carbons, are omitted for clarity. Selected bond lengths [A], bond
angles [°], and torsion angles [°]: Tal--B1 1.92(6), Tal-N1 2.184(5), Tal-N2
2.175(5), Tal-N3 1.793(5), Tal-N4 2.123(5), Tal-P1 2.5900(15), N1-B1
1.517(8), B1-H1 1.33(6), Tal-H1 1.92(6), N2-Sil 1.737(5), N1---N2 2.737(4),
Ta2-N52.049(5), Ta2-N6 2.111(5), Ta2-P2 2.7831(15) ; N1-Tal-N2 77.76(17),
Tal-N2-Ta2 93.66(18), N2-Ta2-N1 92.3(2), Ta2-N1-Tal 96.20(19), Tal-N1-
B1 88.0(3), NI1-B1-H1 101(3), N1-Tal-N3 113.74(19), N1-Tal-N4
109.26(18), N1-Tal-P1 148.57(12), N1-Ta2-N5 101.93(19), N1-Ta2-N6
99.84(19), N1-Ta2-P2 167.80(15); Tal-N2-Ta2-N1 —2.7(2), P1-Tal-Ta2-P2
346.9(1), N1-Tal-N2-Sil 163.2(3), N2-Tal-N1-B1 —170.8(3).

is roughly tetrahedral in 4 as a result of the presence of the
bridging hydride H1, which was located in the diffraction
experiment and gives a resonance signal at d =4.56 ppm in the
'H NMR spectrum of 4. H1 is presumably involved in an
agostic interaction with Tal (Tal--B1=1.92(6) A, N1-Bl-
H1=101(3)°). The second and most significant difference
between 3 and 4 is the linear phenylimido moiety of 4, which is
the fragment expected to result from the silyl group migration
off the NPN-ligand amide group and onto a dinitrogen-
derived nitride ligand. After the migration, the boron hydride
and the phenyl group bound to former NPN ligand amide N3
are then arranged in a manner that allows for elimination of
benzene, a requirement for formation of 3 from 4. The
elimination of the boron hydride with the phenyl substituent
of N3 as benzene can be detected by 'H and C NMR
spectroscopy—both benzene and 3 can be identified in
[Ds]JTHF solutions of 4 after a few days. This benzene
elimination would leave N3 as a terminal nitride ligand. One
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final question arises: does this nitride (N3) attack the other Ta
atom (Ta2), displacing the bridging N1-BCgH;, moiety to a
new position as the terminal and linear imidoborane seen in 3,
or does it simply acquire the BCgH,, group from the bridging
nitride N1 in 4 to give 3? The labeling study described above
indicates that the former occurs, and that the B1-N1 bond
remains intact throughout these transformations. Compared
to the "B NMR spectrum of 3, the "B spectrum of N,-3
shows a poorly resolved splitting attributed to “N-!'B
coupling. The considerable strength of the B—N bond” makes
this rearrangement more likely than migration of the bor-
abicyclononyl fragment. Therefore N1 and N2 in 3 are
dinitrogen-derived atoms.

A proposed mechanism for the transformation of 2 into 3 is
shown in Scheme 1. Considering the overall reaction as the
initial formation of 1 from N,  and tantalum(v) hydride
precursor [{(NPN)Ta},(u-H),], this system achieves the six-
electron reduction of the N, unit in a stepwise fashion, with a
number of isolatable intermediates and detectable byprod-
ucts. As discussed previously, the first four electrons required
for activation of N, to N,*~ derive from elimination of two
bridging hydride ligands as H, and from a Ta™—Ta'V bond
(which is itself derived by H, elimination from the TaV starting
material [(NPN)TaMe;] following hydrogenation).! This is
the reaction between the precursor and N, to generate 1. We
suggest that reductive elimination of H, from 2 provides the
last two electrons for the overall six-electron reduction of the
N, unit to two N3~ nitride units. Remarkably, the six electrons
required to cleave the N, unit were all obtained by reduction
of hydride ligands to H, gas.
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In conclusion, a new reaction for coordinated dinitrogen
has been explored, in which a B—H bond adds across a Ta—N
bond to give a complex with a functionalized N, ligand and a
new terminal hydride ligand. The spontaneous transforma-
tions of this complex result from H, elimination and N—N
bond cleavage, which lead to dinitrogen-derived nitride
ligands. While such processes are unique reactivity patterns
in dinitrogen chemistry, the irreversible ligand degradation
that occurs limits the usefulness of this reaction. Nevertheless,
experiments to extend this chemistry using modified ancillary
NPN ligands and different primary and secondary alkylbor-
anes are underway.

Complete experimental details are available in the Sup-
porting Information.
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