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ABSTRACT: A bis(diphenylphosphino)methane-ligated trinuclear silver hydride nanocluster, [SHD

deuteride analogue, [Ag;((Ph,P),CH,);(¢5-D)](BF,),, have been isolated and structurally charac-

N

[Ags((Ph,P),CH,);(3-H)](BF,),, featuring three silver(I) ions coordinated to a us-hydride, and its (@ ¢ «/#
: : or >

terized using electrospray ionization mass spectrometry (ESI-MS), X-ray crystallography, NMR and IR

JAg

spectroscopy. The position of the deuteride in [Ag;((Ph,P),CH,);(15-D)](BF,), was determined by

neutron diffraction. ESI-MS of [Ag;L,(u5-H/D)](BF,), [L = ((Ph,P),CH,),] produces [Ag;L;(u3-H/D)]** and [Ag,L;(us-H/
D)(BFE,)]". A rich gas-phase ion chemistry of [AgyL(s3-H/D)]*" is observed under conditions of collision-induced dissociation
(CID) and electron- capture dissociation (ECD). CID gives rise to the following complementary ion pairs: [Ag;L,]" and [L+(H/
D)]%; [Ag,(H/D)L,]" and [AgL]*; [Ag,(H/D)L]" and [AgL,]*. ECD gives rise to a number of dissociation channels including
loss of the bis(phosphine) ligand, fragrnentatlon of a coordinated bis(phosphine) ligand via C—P bond activation, and loss of a
hydrogen (deuterium) atom with concomitant formation of [Ag;L;]*. Under CID conditions, [Ag;L;(us-H/D)(BE,)]*
fragments via ligand loss, the combined loss of a ligand and [H,B,F,], and cluster fragmentation to give [Ag,(BF,)L,]* and

[Ag,(L-H)L]* [where (L-H) = (Ph,P),CH].

B INTRODUCTION

Coinage metal nanoclusters (CMNCs) attract considerable
attention for their fundamentally interesting structures and
properties' and their potential for applications in areas such as
catalysis,” medical imaging,®> and optical materials.* Reports of
small discrete gold nanoclusters ligated by either bis-
(phosphine)® or thiolate ligands® formed via reduction of
gold salts with sodium borohydride (NaBH,) have appeared.
Analogous reactions of silver salts with NaBH, had, in contrast,
been asserted to produce silver nanoparticles instead of silver
nanoclusters,” but reports of discrete silver nanoclusters ligated
by either thiolate or a combination of thiolate and bis-
(phosphine) ligands produced by analogous treatment with
borohydride have since appeared. Examples include
[Ag14(SC6H3F2)12](PPh3)8;83 Aglé(dppe)4(SC6H3F2)1418b and
[Ag32(dppe)S(SC5H4CF3)24](PPh4)2 [dPPe = 1,2-bis-
(diphenylphosphino)ethane]; 8b [Ag.(SAr);0)(PPh,), (Ar =
3,4-difluorophenyl);”* and M,[Ag,,(p- MBA)30 (M = alkali
metal; p-MBA = p-mercaptobenzoic acid).”® These complexes
have been carefully characterized in terms of structure and
formulation, but despite the use of significant stoichiometric
excess of borohydride in their synthesis, no analyses capable of
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excluding hydride from the formulations were reported.
Instead, the prevailing assumption in CMNC chemistry that
the requisite number of silver atoms are reduced to the zero
oxidation state was used to yield the reported charge-balanced
formula. In stark contrast, several studies of the formation and
isolation of silver clusters under remarkably similar synthetic
conditions have been definitively demonstrated to contain
hydride ligands, and no reduction of silver in the product
species was noted.'’

As part of a program aimed at examining the gas-phase ion
chemistry of bis(phosphine)-ligated CMNCs synthesized in
solution and transferred to the gas phase via electrospray
ionization mass spectrometry (ESI-MS),'"'* we recently
discovered that silver(I) salts in the presence of the bidentate
bis(phosphine) ligand bis(diphenylphosphino)methane [dppm,
(Ph,P),CH,, hereafter denoted as L], which were treated with
NaBH,, apparently produced only ligated silver(I) nano-
clusters'® rather than the mixed-valent silver(0/1) nanoclusters
implicit in the compounds previously reported. The observa-
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tion of abundant silver cluster ions including [Ag;(H)L,]*,
[Agy(H)(CI)L,]%, and [Ags(Cl),L;]* via ESI-MS led to the
synthesis, isolation, and structural characterization of [Ag;(ys-
H)(u;-Cl)L;]BE, and [Ag3(/43—C1)2L3]BF4,13 which has a
known [Ag;(¢3-X),L;]" core (X = Cl, Br, 1)."* Here we report
the isolation and structural characterization of the halide-free
hydride-containing species [Ag;(y#3-H)L;](BF,), (2) and its
deuterated analogue [Ag;(¢3-D)L;](BF,), (1). The gas-phase
chemistry of [Agy(H/D)L,;]** and [Agy(H/D)(BF,)L,]* is
compared to that of [Ag;(H/D)(CI)L;]* reported previously.'

B RESULTS AND DISCUSSION

ESI-MS was used to monitor the types of cationic clusters
present in a methanol/chloroform (1:1) solution of AgBF, and
dppm at a molar ratio of 1:1 and at a concentration of 10 mM
before and after the addition of 1 mol equiv of NaBH,. An
examination of the ESI-MS spectrum of this solution prior to
the addition of NaBH, (Figure la) reveals the presence of
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Figure 1. LTQ ESI-MS of silver clusters: (a) AgBF, and dppm in
methanol/chloroform (1:1) immediately before the addition of
NaBH,; (b) S min after the addition of NaBH,. The m/z values
shown are of the most intense isotope peak for each given cluster or
complex. Solutions containing silver clusters were diluted (S0 M) in
methanol prior to ESI-MS.

abundant dinuclear complexes of dppm with silver(I), including
[Ag,L,]** (m/z 492) and [Ag,L,(BF,)]* (m/z 1071). These
assignments were confirmed by examination of the isotope
pattern and additional high-resolution mass spectrometry
(HRMS) experiments (Figure S1 in the Supporting Informa-
tion, SI). The related bis(phosphine)-ligated silver(I) salts
[Ag,L,](NO;), and [Ag,L,](ClO,),-2CH,Cl, have been
structurally characterized via X-ray crystallography'® and can
be used to infer the probable structures of the [Ag,L,]*" (m/z
492) and [Ag,L,(BF,)]* complexes. The silver(I) ions are
bridged by the two bis(phosphine) ligands to form an eight-
membered ring with approximately linear coordination at silver
(with a P—Ag—P bond angle of ~171°) and a Ag—Ag contact
of ~2.95 A (Scheme 1).

The addition of NaBH,, (or NaBD,,) to a methanolic solution
of AgBF, and dppm results in an immediate color change from
colorless to faint yellow. An aliquot of the mixture taken ca. 5
min after the addition of NaBH, was analyzed by ESI-MS,
which revealed the formation of [Agi(H)L,]**, [AgL,]",
[Agy(H)L,)*", and [Agy(H)(BF,)L,;]*. The assignment of
these ions was further confirmed via HRMS, which additionally
showed no trace of [Ag,L,]*". The “pre-reaction phase” clusters
were absent (Figure 1b), suggesting that these are consumed by
the formation of [Ag;(H)L;]*" (m/z 739). As expected, the use
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Scheme 1. Representation of the Cation Present in
[Ag,L,](ClO,), As Determined by X-ray Crystallography
Highlighting the Eight-Membered Ag,P,C, Ring'®*

2+

of purified chloroform in the synthesis significantly reduced the
amounts of [Ag;(H)(Cl)L;]* (m/z 1513) and [Ag,(Cl),L,]*
(m/z 1547) compared to our previous report.”> The
observation of abundant and monodisperse [Ag;(H/D)-
L,J**(BF,), {(x, z2) = (0, 2) and (1, 1)} via ESI-MS
encouraged us to synthesize [Ag;(H)L;](BF,), and [Ag;(D)-
L,](BE,), for full characterization by ESI-MS, NMR, and IR
(Figures S2—S13 in the SI).

Structural Characterization of 1 by X-ray and Neutron
Diffraction. The methods developed for the ESI-MS experi-
ments allowed us to synthesize the deuteride cluster 1 and to
isolate single crystals of sufficient quality for analysis by both X-
ray and neutron diffraction. The core of the cluster is composed
of three silver ions forming a triangular array capped by the
single deuteride (Figure 2 and Table 1). Each of the silver ions
is coordinated to two phosphorus atoms and lies adjacent to
the other two silver ions in a triangle, giving rise to the
possibility of argentophilic interactions. The two tetrafluor-
oborate counterions are not coordinated to silver, but one lies
in close proximity to the silver atoms and has significantly
smaller displacement parameters than the less closely associated
anion.

The Ag—Ag distances in [Ag;(u3-H/D)L;]*" range from
3.0655(2) to 3.1511(2) A and are markedly longer than the
corresponding distances in the mixed hydride—chloride cluster
Ag;(uy-H)(u5-Cl) (average 2.8998 A) reported previously."
The deuterium atom approaches a trigonal-planar coordination
mode and lies only 0.31 A from the plane of the silver atoms,
considerably closer than the 0.91 A displacement of the
hydrogen atom from the Ag; plane of Ag;(u5-H)(u3-Cl)."> The
P—Ag bond lengths range from 2.4432(4) to 2.4769(5) A for
the [Agy(u3-H/D)L;]*" cation compared to 2.4421(9)—
2.4437(9) A for [Agy(u3-H/D)(us-Cl)L,]*. For both structures,
the P—C—P bond angle in the ligand is in the range of
110.38(8)—110.52(8)°. The nearest three fluorine atoms of the
closely associated BF,™ anion, which is located on the opposite
face of the Ag; cluster to the deuterium ligand, lie at distances
of 2.695(1) (F1), 2.760 (F3), and 3.084(1) (F2) A from the
plane defined by the Ag; cluster, with the closest contacts being
2.841(1) (Ag2—F1), 3.082(1) (Agl—F3), and 3.159(1) (Ag3—
F4) A. These Ag—F contacts fall within the range 2.355—3.190
A of such contacts found from 487 observations retrieved from
the Cambridge Crystallographic Database for structures of
silver complexes having BF,~ counterions.'” It is of interest to
note that the deuterium position as determined by neutron
diffraction is slightly displaced toward the silver atom Ag3,
which is the most weakly associated with the BF,” counterion.
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Figure 2. (a) ORTEP-3 representations of 1 with hydrogen atoms and
solvent omitted for clarity. (b) Representation of the silver core with
the ligand (phenyl rings and hydrogen atoms of the ligand omitted for
clarity). Displacement ellipsoids set at the 50% probability level. The
location of the deuterium is unambiguously proven by neutron
diffraction.

Each cluster can be considered as consisting of three Ag—H/
D—Ag—P—C—P six-membered rings sharing adjacent Ag—H/D
edges. In turn, the six-membered rings can be assigned a
geometric conformation as either a boat or a chair. The
[Ag;(u3-H/D)L;]*" cation consists of one boat (Agl—H/D—
Agl—-P6—C—P6), with the remaining two in the chair
conformation (Scheme 2a). The phosphorus atoms of adjacent
ligands at P2 and P3 both have one pseudoequatorial phenyl
ring with the other pointed toward the hydride/deuteride apex.
This allows the vacant site opposite to the hydride apex and
toward the pseudoequatorial phenyl rings to be occupied by a
noncoordinating BF,” anion. In contrast, in [Ag;(us-H/
D)(CI)L,]*, the six-membered Ag—H/D—Ag—P—C—P rings
all adopt symmetrical chair conformations, and the pseudoe-
quatorial phenyl ring at P3 is oriented behind the plane
(Scheme 2b). The dihedral angles are shown in Table S1 in the
SI, which also compares the dihedral angles of [Ag;(us-H/
D)L,]** to those of [Ag;(u3-H/D)(us-Cl)Ls]".

NMR Spectra of [Ag;(us;-H/D)L;1(BF,),. The most
significant feature of the "H NMR spectrum of 2 (Figure 3)
is the multiplet at 4.75 ppm arising from the y;-hydride. This
resonance integrates as one hydrogen relative to other
resonances and displays complex multiplicity. The p;-hydride
displays coupling to the three silver nuclei of the different
isotopomers with further coupling to the six equivalent
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Table 1. Selected Bond Lengths (A) and Angles (deg) with
Estimated Standard Deviations in Parentheses for 1?

distance (A) angle (deg)
Agl—Ag2 3.1511(2)
Agl—Ag3 3.1415(2)
Ag2—Ag3 3.0655(2)
Agl-D1 1.85(1)
Ag2-D1 1.80(1)
Ag3-D1 1.85(1)
Agl—Ag2—Ag3 60.688(4)
Ag2—Agl—Ag3 58.308(4)
Agl—Ag3—Ag2 61.004(4)
Ag2—Agl-D1 32.0(4)
Ag3—Agl-D1 21.7(4)
Ag3—Ag2—D1 30.3(4)
Agl-Ag2—D1 33.1(4)
Agl—Ag3-D1 31.8(4)
Ag2—Ag3—D1 29.5(4)
Agl-P1 2.4667(S)
Agl-P6 2.4769(5)
Ag2—P2 2.4432(4)
Ag2-P3 2.4756(4)
Ag3—P4 2.4596(4)
Ag3—P$ 2.4572(4)

“Distances were determined by X-ray diffraction except those
involving deuterium, which were determined by neutron diffraction.

phosphorus nuclei. This complex multiplet collapses to a
broad quartet of quartets in the *'P-decoupled spectrum
(Figure 3c and Figure S3 in the SI). It is reassuring that this
resonance is absent from the 'H NMR spectrum of 1, and a
broad quartet is present at the same chemical shift in the *H
NMR spectrum of 1 (Figure S9 in the SI).

Simulation of the puj;-hydride resonance with one-bond
coupling constants of 86 and 75 Hz for the coupling of the
hydride with '®Ag and '”’Ag, respectively, and with a two-bond
coupling constant of 21 Hz for the coupling of the hydride with
the six equivalent phosphorus nuclei produces a simulated
resonance that matches the resonance at 4.75 ppm in the
experimental '"H NMR spectrum of 2 (Figure S4a,b in the SI).
The simulated pattern is the summation of the individual
statistical contributions of the 1OQAgS, 1°9Ag21°7Ag, 109AgmAgz,
and '"Ag; isotopomers. A simulated *'P-decoupled 'H NMR
resonance also correlates well with the 4.75 ppm resonance in
the experimental *'P-decoupled NMR spectrum (Figure S4c,d
in the SI).

The broad quartet observed at 4.75 ppm in the *H NMR
spectrum of 1 (Figure S9 in the SI) has an apparent coupling
constant of 12.4 Hz, being the average of the 2H—1°9Ag and
*H—'"Ag couplings, which are not resolved because of
quadrupolar *H. This average coupling constant scales to an
average of 80.7 Hz in the 'H case, which is in good agreement
with the observed (simulated) coupling constants of 86 and 75
Hz for the coupling with '®Ag and '"’Ag, respectively (Figure
S4 in the SI). The expected 3 Hz coupling of the *H with the
P nuclei is not resolved.

How does the observed chemical shift of 4.75 ppm for the
Uy-hydride compare to related coinage metal hydride clusters?
In the structurally related d'° nanocluster, [Cu;(u;-H)-
(depm);]** [depm = bis(dicyclohexylphosphino)methane], a
resonance at ~2.2 ppm was attributed to the hydride because of
the fact that it was a septet with 2J,_y; = 16 Hz."* The chemical
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Scheme 2. Representation Highlighting the Contrasting
Geometries of the Six-Membered Ag’—~H—P>—C and Spatial
Orientation of the Phenyl Rings for the Cations of (a)
[Ags(p#5-H/D)L;](BE,), and (b) [Agy(us-H/D)(u5-
CI)L,](BE,)”
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“H represents either the hydride or deuteride.

shifts of the hydrides in the following silver hydride clusters
have been reported: (i) {[(SIDipp)Agl,(u-H)}*, triplet of
triplets at —1.13 ppm [SIDipp = 1,3-bis(2,6-
diisopropylphenyl)imidazolin—Z—ylidene;I;lOd (i) [Ag,(us-H)-
(Se,P(O'Pr),)q), octet at 3.52 ppm;10 (iil) [Ags(usH)(S,P-
(OEt),)s), octet at 5.65 ppm;'” (iv) [Ags(us-H)(Se,P-
(OiPr),)]", nonet at 3.14 ppm;'® (v) [Agg(u,-H)(Se,P-
(OEt),)]*, broad multiplet at 3.04 ppm;'® (vi) [Agg(u,-
H)(S,P(OEt),)s]", 5.6 ppm;'® (vii) [Ag,(uy-H)-
(S,CNPr,),]*, broad multiplet at 7.50 ppm.'® Thus, the
chemical shift of the hydride is strongly influenced by the
capping ligand, cluster nuclearity, and overall charge. Ligands
with electron-withdrawing properties result in the chemical
shift of the hydride moving downfield, as observed when
comparing (iv) [Ags(us-H)(Se,P(OiPr),)s]" with (v) [Ags(us-
H)(Se,P(OEt),)s]* and (vi) [Ags(us-H)(S,P(OEL),)s]", as
noted above. The effects of the cluster nuclearity and overall
charge are observed when comparing (ii) [Ag;(p4-H)(Se,P-
(O'Pr),)s] with (iv) [Ags(ﬂ4‘H)(Sezp(OEt)2)6]+ and  (iii)
[Ag;(us-H)(S,P(OEL),)6] with (vi) [Ags(ps-H)(S,P-
(OEt),)s]".

Unimolecular Gas-Phase Chemistry of [Ag3(D)L3]2+
and [Ag;(D)(BF,)L;]" and Comparison to [Ag;(D)(CI)L;]".

Low-energy collision-induced dissociation (CID) has been used
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to uncover the lowest—energgr fragmentation pathways of
coinage metal cluster jons.!*™ % Under these conditions,
[Agy(D)L,]** (m/z 740) fragments via charge-separation
reactions including fission of the cluster core (Figure 4a and
egs 1 and 2) and loss of the protonated ligand (Figure 4a and
eq 3). The dominant complementary ions observed are
[Ag,(D)L]* (m/z 602) and [AgL,]* (m/z 875) (eq 1). The
remaining two charge-separation reactions occur in relatively
low abundance (<4%), resulting in formation of the
complementary ions (i) [AgL]* (m/z 491) and [Ag,(D)L,]*
(m/z 986) (eq 2) and (ii) [(D)L]* (m/z 386) and [Ag;L,]*
(m/z 1091) (eq 3).

[Ag,(D)L,J" — [Ag,(D)L]" + [AgL,] (1)
[Ag,(D)L,J" — [Ag,(D)L,]" + [AgL]* @)
[Ag,(D)L,J"* — [Ag,L,]" + [(D)L]* 3)

The unimolecular fragmentation behavior of [Agy(D)L,]*
contrasts with that of [Ag;(D)(CI)L;]" (Figure S14a in the SI),
which exhibits the loss of up to two neutral ligands as the main
fragmentation channels (eqs 4 and S). In addition, [Ag;(D)-
(CI)L,]" also fragments via minor channels (<1%) arising from
core fission (eqs 7—9, 11, and 12) and reductive elimination of
the core anionic ligands as DCI (eq 10). This latter channel is
of interest because it provides a link between ionic and metallic
clusters. The differences in the low-energy fragmentation
reactions of [Agy(D)L;]*" and [Agy(D)(CI)L,]" suggest that
the chloride stabilizes the cluster with regard to core fission.

[Ag,(D)(CDL;]" — [Ag,(D)(CDL,]" + L *
[Ag,(D)(CDL,]" — [Ag,(D)(CDL]" + 2L (s)
[Ag,(D)(CDL,]" — [Ag,(D)(CHL]" + L )
[Ag,(D)(CDL,]" — [Ag,(CL]" + Ag(D)L @)
[Ag,(D)(CDL,]" — [Ag,(CDL,]" + Ag(D) ()
[Ag,(D)(CDL,]" — [Ag,(D)L,]* + Ag(Cl) ©)
[Ag,(D)(CIL,]" — [Ag,L,]" + DCI (10)
[Ag,(D)(CDL]" — [Ag,(CDL]" + Ag(D) (11)
[Ag,(D)(CDL]" — [AgL]" + Ag,(D)(Cl) (12)

Electron-capture dissociation (ECD)20 is an activation
method different from CID and involves a multiply charged
cation interacting with a beam of low-energy electrons. Because
ECD has rarely been applied to examine the fraﬁmentation
reactions of multiply charged coinage metal clusters, > we were
interested in examining the behavior of [Ag;(D)L,]** under
ECD conditions (Figure 4b). The le -reduced cluster
[Ag;(D)L;]* was not observed, highlighting that, once formed,
it spontaneously fragments. Seven different ECD fragmentation
pathways were observed (eqs 13—19), including fission of the
cluster core (eqs 13—15 and 17), ligand fragmentation via C—P
bond activation (eqs 14 and 16), ligand loss (eq 18), and loss of
D* to yield [AgL;]* (m/z 1477; eq 19). The major
fragmentation channels correspond to the loss of a ligand [L]
(eq 18) and the loss of [AgL] (eq 17). The observation of the
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Figure 3. (a) 'H NMR spectrum of [Ag;(y;—H)L;](BF,), at 400 MHz in CD,CN. (b) Expansion of the hydride resonance. (c) Expansion of the
hydride resonance taken from the *'P-decoupled "H NMR spectrum. # indicates the singlet resonance at 4.56 ppm in the experimental spectrum

assigned to dissolved H,.

“all-silver” cluster, [Ag;L;]", is noteworthy because it represents
a rare example of a ligated trinuclear silver cation. A related
gold nanocluster cation, [Au;(SIDipp);]*, has been isolated and
structurally characterized only recently.”!

[Ag,(D)L,J** + &

(ECD/EID) — [Ag, (D)L]" + [AgL,] (13)
(ECD/EID) — [Ag L(CH,PPh,)]" + [Ag(D)L(PPh,)]
(14)
(ECD/EID) — [AgL,]" + [Ag,(D)L] (15)
(ECD/EID) — [Ag,(D)L(CH,PPh,)]" + [L(PPh,)]
(16)
(ECD/EID) — [Ag,(D)L,]" + [AgL] 17)
(ECD/EID) — [Ag,(D)L,]" + [L] (18)
(ECD) — [Ag,L,]" + [D]* (19)
(EID) — [PPh]* + [Ag,(D)L,(CH,PPh)] (20)
(EID) — [DL]" + [Ag,L,] (21)
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(EID) — [AgL]" + [Ag,(D)L,] (22)

Raising the energy of the electrons (>20 eV) used to activate
[Agy(D)L;]*" leads to the electron-induced dissociation (EID)
spectrum” given in Figure S1S in the SI. While there are some
fragment ions that are common to both the ECD and EID
spectra (eqs 13—18), [AgsL;]* is absent in the EID spectrum
(eq 19), which also contains the three new fragment ions
[PPh;]*, [DL]*, and [AgL]®, most likely arising via the
reactions shown in eqs 20—22.

Our attention then turned to examining the unimolecular
chemistry of [Agy(H)(BF,)L;]* (m/z 156S; Figure S16 in the
SI) and [Ag;(D)(BF,)L,]* (m/z 1566; Figure S), which is the
deuteride counterpart of the most abundant “postreaction”
cluster observed via ESI-MS (Figure 1b). The loss of one ligand
(eq 23) and formation of [Ag;(D)(BF,)(L-H)L]* [(L-H) =
(Ph,P),CH™; eq 24) are the major fragmentation channels
(Figure Sa). Minor channels are observed for the loss of
[Ag(D)L] (eq 16) and formation of [Ag,(L-H)L]* (eq 26).
Note that the product ion [Ag,(BF,)L,]" (eq 25) is also
present in the prereaction spectrum (Figure la).

[Ag,(D)(BE)L;]" — [Ag,(D)(BE)L,]" + [L] (23)
[Ag,(D)(BE)L,]" — [Ag,(D)(L-H)L]" + [H, B, E, L]
(24)

dx.doi.org/10.1021/ic5007499 | Inorg. Chem. 2014, 53, 7429—7437



Inorganic Chemistry

100+ @ oL,y
875
80+
[Ag,(D)L]"
60 602 .
[Ag,(D)L,]
[ 986 [Ag.L,I
8+ 1091
+ * |
[AgL] F
491 | /
M4 . L/
< |ou i/
= 386 l
g 0 T T T T . T T
[
€100+ b * X
® (b) [Ag,(D)L(CH,PPh.)]
5 804 908
]
o |
804 [Ag,L(CH,PPh,)]
799 . [Ag,L]
. \\ [AgL,I A9:(O)L] 1477
986 ,
20 o FE T gy
1 [Ag2<D>L1*\ \ 1093 \
51 602 N \
\ N \
1
# | 1
0 Jl T ! ‘ T T T l
400 600 800 1000 1200 1400
m/zz
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Figure S. LTQ CID of [Agy(D)(BF,)L,]*: (a) n = 3, m/z 1566; (b) n
=2, m/z 1180. The most intense peak in the cluster is represented by
the m/z value. * refers to the mass-selected precursor ion. # refers to
background water addition.

[Ag,(D)(BE)L;]" — [Ag,(BE)L,]" + [Ag(D)L]  (a5)
[Ag,(D)(BE,)L;]*
— [Ag,(L-H)L]" + [Ag, D, H, B, E, L] (26)

Mass selecting the product ion [Ag,(BF,)L,]" (m/z 1071)
for further CID (eq 27 and Figure S18a in the SI) results in a
fragmentation similar to that of [Ag;(D)(BF,)L,]*, where the
major fragmentation channel of [Ag,(BF,)L,]* is due to the
loss of the elements of [H, B, F,] (eq 27), which could
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correspond to the combined loss of HF and BF;, possibly as the
HF-BF; complex.”” Fragmentation reactions that result in
deprotonation of a coordinated dppm ligand were not observed
in the CID spectra of [Agy(D)L;]*" or [Agy(D)(Cl)L,]". It is
not clear whether this is due to the fact that decomposition of
the tetrafluoroborate anion releases F~, which is a more potent
gas-phase base than Cl7,** or whether it is due to the fact that
Cl remains bound to the Ag; core in [Ag;(D)(CI)L,]*, while
[Ag;(D)(BF,)L;]* and [Ag,(BF,)L,]* have contact ion-pair
structure(s).

[Ag,(BE)L,]" — [Ag,(L-H)L]" + [H, B, E,] 27)

B CONCLUSIONS

The structural characterization via both neutron and X-ray
diffraction, of a small dicationic silver hydride bis(phosphine)-
ligated nanocluster, [Ag;(ys-H)(L);](BF,),, formed by the
reaction of silver salts with NaBH, in the presence of a
bis(phosphine) ligand, is presented. This cluster augments the
small collection of dicationic CMNCs that has been structurally
characterized, including [Cu;(ps-H)(depm),]X, [X = ClO,7,
BF,”, PF,~, CF,SO;7; dcpm = bis(dicyclohexylphosphino)-
methane]"” and [Ag,(u;-CCAr)(dppm),](BE,), (Ar = Ph, p-
MeOCH;, p-O,NCgH;),”* and highlights the value of neutron
diffraction for the definitive determination of the structures of
metal hydrides. In the present example, the addition of
borohydride expands the nuclearity of the clusters formed,
leading to a silver(I) hydride complex and not a mixed-valent
silver(0/I) cluster. This is of particular interest considering the
reported preparations of nanoclusters and nanoparticles formed
by reactions of silver salts with NaBH,.

A comparison of the gas-phase fragmentation reactions of
[Ag3(ﬂ3'H)(dPPm)3]2+ and [Ag3(ﬂ3'H)(ﬂ3'C1)(dPPm)3]+ re-
veals that the chloride stabilizes the cluster with respect to
fission of the silver core. ESI-MS is a valuable technique to
direct the synthesis of CMNCs, to monitor the molecular
nature of their assembly, and to study their reactivity and
dynamics in solution. HRMS, which provides accurate mass
assignments together with well-resolved isotope envelopes, is
emerging as an important technique to facilitate the assignment
of molecular formulas of nanoclusters. By using MS to compare
the products of the reactions of silver salts with NaBH, to those
formed with sodium borodeuteride, it is possible to identify the
number of hydrides present in a nanocluster.'® *** Current
work is underway to examine the reactivity of [Ag;(us-
H)(dppm);]** with inorganic and organic substrates and the
synthesis and reactions of other CMNC:s.

B EXPERIMENTAL SECTION

Materials. Chemicals from the following suppliers were used
without further purification. (i) Aldrich: bis(diphenylphosphino)-
methane (dppm, L; 97%), silver(I) tetrafluoroborate (AgBF,; 98%),
and sodium borodeuteride (NaBD,; 98% D, 90% CP). (i) AJAX:
sodium borohydride (NaBH,; 97%). (iii) Merck: methanol (AR grade
for synthesis and HPLC grade for ESI-MS" experiments) and
acetronitrile (HPLC grade).

All work described here used analytical-reagent-grade chloroform
(Merck), which was further purified according to a literature
method.” In brief, 250 mL of chloroform was washed three times
with deionized water to extract the stabilizing agent and dried with
K,COj;. The solution was then refluxed with CaSO,, distilled, and
stored under argon with 4 A molecular sieves dried by 3—5 rounds of
30 s microwave irradiation. All purification techniques were carried out
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(i) in the dark by covering glassware in foil and (ii) under inert
conditions using argon.

MS. MS experiments were conducted on a Finnigan hybrid linear
quadrupole Fourier transform ion cyclotron resonance (LTQ FTICR)
mass spectrometer. The condensed-phase silver cluster samples were
typically diluted in methanol to silver concentrations of S0 yM and
injected at a flow rate S uL-min~" into the Finnigan ESI source. ESI
source conditions typically involved needle potentials of 3.2—4.8 kV to
give a stable source current of ca. 0.5 yA and a nitrogen sheath gas
pressure of S arbitrary units. The ion-transfer capillary temperature was
set to 250 °C. The tube lens voltage and capillary voltage were both
set to ca. 10.0 V. Unimolecular fragmentation studies involved the
cation of interest to be mass-selected in the linear ion trap (LIT) by a
range of 10—20 m/z units centered at about the middle of the isotopic
cluster and subsequently analyzed by CID, ECD, or EID. In CID
experiments, the normalized collision energy was set between 10 and
25 arbitrary units to result in the mass-selected precursor ion to be
depleted to 10—20% with an activation Q of 0.25 and an activation
time of 30 ms. For high-resolution mass analysis and ECD or EID
experiments, see elsewhere.'>

Synthesis of Silver Clusters for Analysis by MS. Under
ambient conditions, a solution of freshly prepared methanol/
chloroform (1:1) stock stored under 3 A molecular sieves was used
to dispense 20 mL of solvent to a S0 mL graduated glass measuring
cylinder. To a 25 mL Quickfit Erlenmeyer flask equipped with a
magnetic stirbar and a Quickfit stopper and covered in foil was added
ca. 15 mL of solvent. The magnetic stirbar was set to spin at 500 rpm.
dppm (3.8 mg, 0.010 mmol) was dissolved in a 1 mL glass scintillation
vial in ca. 1 mL of solvent by brief sonication, and then the solution
was added to the 25 mL Erlenmeyer flask; the vial was rinsed with
another 1 mL solvent, and the solution was added to ensure that all of
the reagent was transferred. Silver(I) tetrafluoroborate (1.9 mg, 0.010
mmol) was added in the same way as the ligand, with the exception
that the 1 mL glass scintillation vial was covered in foil and the transfer
was made in the dark to minimize light. NaBH, (0.8 mg, 0.025 mmol)
or sodium borodeuteride (0.8 mg, 0.020 mmol) was added in powder
form, which resulted in an immediate bubbling with a color change
from colorless to pale orange. The remaining 20 mL of solvent was
added to the Erlenmeyer flask, and the flask was sealed with a Quickfit
stopper until MS analysis was required.

Synthesis of [Ag;(u;-D)L;1(BF,), (1). Silver(I) tetrafluoroborate
(35 mg, 0.2 mmol) and dppm (70 mg, 0.2 mmol) were added to a dry
Schlenk tube. The Schlenk tube was covered in foil to minimize
exposure to ambient light, and a degassed solution of methanol/
chloroform (1:1, ca. 5 mL) was added. Within S min, the addition of
dry sodium borodeuteride (7 mg, 0.2 mmol) resulted in the formation
of gas and an immediate change in color from colorless to orange. This
orange solution was left to stir at 500 rpm for ca. 30 min. The solution
was frozen, layered with dry diethyl ether (ca. 10 mL), and allowed to
stand undisturbed for 2 days to yield crystals of 1 (Figure S19 in the
SI) of sufficient quality for analysis by X-ray crystallography and
neutron diffraction. For large-scale synthesis, to a solution of
acetonitrile (50 mL) was added dppm (0.38 g, 1.0 mmol; the mixture
was shielded from ambient light by aluminum foil). To this mixture
was added silver(I) tetrafluoroborate (0.20 g, 1.0 mmol), resulting in a
clear solution. After ca. S min, sodium borohydeuteride (17 mg, 0.4
mmol) was added, resulting in a pale-yellow mixture. After ca. 30 min,
the mixture was filtered and the solvent removed by evaporation under
vacuum to afford a slightly tan-colored powder of [Ag;(D)L,](BF,),
(0.65 g, 39%). NMR of 1 from the large-scale synthesis resulted in 'H
NMR (5:95 CD;CN/CH,CN, 500.1 MHz): 5y 7.23 (t, ] = 8.4 Hz,
12H, H4), 7.07 (m, 24H, H2), 6.99 (t, ] = 7.8 Hz, 24H, H3), 3.16 (br
s, 6H). ’H NMR (5:95 CD;CN/CH,CN, 76.8 MHz): &, 4.75 (m).
3P NMR (5:95 CD,CN/CH;CN, 162.0 MHz): &p 1.55 (br s). '*C
NMR (5:95 CD,CN/CH,CN, 100.6 MHz): 5. 133.2 (br, C2), 132.9
(br, C1), 131.4 (C4), 129.6 (C3), 25.6 (br, CH,). ’F NMR (5:95
CD,;CN/CH;CN, 376.5 MHz): &; —153.2. High-resolution positive
ESI-MS. Found (caled): m/z 739.54311 (739.54428) ([Ag,(H)L,]*).

Synthesis of [Ag;(u3-H)L31(BF,), (2). To a solution of acetonitrile
(50 mL) was added dppm (0.38 g, 1.0 mmol; the mixture was shielded
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from ambient light by aluminum foil). To this mixture was added
silver(I) tetrafluoroborate (0.20 g 1.0 mmol), resulting in a clear
solution. After ca. S min, NaBH, (15 mg, 0.4 mmol) was added,
resulting in a pale-yellow mixture. After ca. 30 min, the mixture was
filtered and the solvent removed by evaporation under vacuum to
afford a slightly tan-colored powder of [Ag;(H)L;](BF,), (0.57 g
35%). NMR of 2 from the large-scale synthesis resulted in '"H NMR
(CD;CN, 400.1 MHz): 6y 7.27 (m, 36H, H2, H4), 7.12 (m, 24H,
H3), 4.75 (m, 1H, u;-H), 3.52 (br s, 6H, CH,). *'P NMR (CD;CN,
162.0 MHz): 8, 6.67 (m). *C NMR (CD,CN, 100.6 MHz): 8¢ 133.9
(br, C2), 132.8 (br, C1), 131.9 (C4), 130.0 (C3), 25.5 (br, CH,). F
NMR (CD4CN, 376.5 MHz): §; —153.3. High-resolution positive
ESI-MS. Found (calcd): m/z 739.04139 (739.04114) ([Agy(H)L,]*).

Laue Neutron Diffraction. The Laue neutron diffraction study
was undertaken using the KOALA®® diffractometer located on a
thermal neutron guide at the OPAL reactor, Australian Nuclear
Science and Technology Organization. A total of 26 images each with
an exposure time of 10000 s per frame were employed in a data
reduction®® for diffraction spots with wavelength (4) in the range
0.85—1.70 A, yielding 64498 reflections, of which 5994 were unique
and 4647 met the 30 criterion of observability. Structure refinement*
commenced from the X-ray-determined structure for which a scale
factor and isotropic displacement parameters were derived and then all
H/D atomic sites were deleted from the model. A difference density
map revealed the position of all hydrogen atoms of the complex cluster
cation as negative features, and the position of the deuterium was
similarly evident as a positive feature. Positional and isotropic
displacement parameters for all atoms were included in the initial
full-matrix least-squares refinement, and anisotropic modeling could
only be extended to include the silver, boron, and fluorine atoms plus
the carbon of the solvating methanol; further extension of modeling
(the addition of more parameters) yielded ill-conditioned matrices and
unstable refinements.

Crystallographic Data and Structure Refinement for 1:
C,sHeD Ag,B,FP-0.5CH,OH, M = 166843, T = 130.0(2) K,
monoclinic, space group I2/a, a = 26.9665(10) A, b = 13.2190(4) A, ¢
=39.5373(8) A, f = 96.589(2)°, V = 14000.8(7) A%, Z =8, D_ = 1.582
Mg~m_3.

Xeray: T = 130 K, F(000), 6712, u(Mo Ka) = 1.034 mm™, 1 =
0.71069 A, crystal size 0.55 X 0.36 X 0.25 mm. 73424 reflections
measured, 27244 independent reflections (R, = 0.0260), 890
parameters, the final R was 0.0318 [I > 36(I)] and R, (F?) (all data)
was 0.0691.

Laue neutron: T = 123 K, F(000) = 2980, crystal size 0.8 X 1.0 X
2.0 mm, 64498 reflections measured, 5994 independent reflections
[merging R = 13(8)%], 4647 data [I > 36(I)] used in refinement the
final R was 0.128 and R,, = 0.1051 for 723 parameters.

NMR Spectroscopy. NMR experiments were performed on a
Bruker Avance 500 NMR spectrometer (500.13 MHz 'H frequency)
equipped with a 5 mm inverse triple resonance (‘H/*H—'*C/"*N)
probe or a Bruker Avance 400 NMR spectrometer (400.13 MHz 'H
frequency) equipped with a S mm triple resonance broad-band probe
(BB/*H—'H/"F). Samples were maintained at a regulated 25 °C
inside the probe. Chemical shifts were referenced to the residual
protonated solvent peak 'H (CD,HCN, 1.94 ppm), the solvent peak
3C (CD4CN, 1.39 ppm), the solvent peak *’H (CD;CN, 1.94 ppm), or
external CFCly in CDCly (*°F, 0.00 ppm) or 85% H,PO, (*'P, 0.00
ppm). NMR samples were prepared by dissolving 90—100 mg of
[Agi(H)L;](BE,), in 0.6 mL of deuterioacetonitrile or [Agy(D)L;]-
(BF,), in 0.6 mL of 5:95 deuterioacetonitrile/acetonitrile.

"H NMR spectra were acquired using a 30° acquisition pulse and a
total recycle delay of ca. 4 s. 'P decoupling of 'H NMR spectra was
achieved using the garp4 sequence. *H NMR spectra were acquired
without *H lock using a 90° acquisition pulse and a total recycle delay
of ca. 6 5. *C, 'F, and *'P NMR spectra were all "H-decoupled using
the waltz65 sequence; "F and *'P experiments used inverse-gated
decoupling.

Simulations of NMR spectra were performed using NMR-SIM 5.5.3
(Kessler, P., Bruker BioSpin GmbH, Rheinstetten, Germany, 2014).
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