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Single-crystal to single-crystal solid/gas reactivity of [LAu(C,H,/
COJIIBAr,l [L = tris-2-(4,4'-di-tert-butylbiphenyl)phosphine]
with NHz or !°NH; gives the ammonia complexes [LAu
(NH3/*NH3)I[BArf,4]. Solid—gas H/D exchange with D,O vapour
gives the ND;s isotopologues, while reaction with HCl vapour
affords [1-CU/[**NH,][BArF,], identifying a lattice encapsulated
ammonium as a plausible intermediate species for H/D exchange
with DO by a proton rebound mechanism.

Solid-state molecular organometallic chemistry (SMOM")
offers new opportunities for synthesis and catalysis using
single-crystal to single-crystal (SC-SC) solid-gas reactivity in
crystallo.>* This approach combines the precise reactivity of
well-defined, site-isolated, molecular species with the
additional advantages of stability and selectivity that the
extended tertiary microenvironment provides through non-
covalent secondary interactions.® Examples of SMOM include
the generation of room-temperature-stable rhodium oc-alkane
complexes,” reversible methane C-H activation at an Ir-
centre,® reversible binding of ethene at Ag(i) centres” and CO,
activation at Cu(r) hydrides.® We recently reported the syn-
thesis of the Au(l) m-acetylene complex, [LAu(n*-
HC=CH)][BAr",] [1-C,H,][BAr"], using the -cavity-shaped
phosphine [L = tris-2-(4,4"-di-tert-butylbiphenyl)phosphine, Ar*
= 3,5-C¢H;(CF3),], by addition of acetylene gas to precursor
ethene [1-C,H,][BAr",], or CO containing [1-CO][BAr",],
complexes.’

We now reveal that a rare' example of a crystallographically
characterised Au(i)-ammonia complex (and its >N isotopolo-
gue) can be prepared using such SC-SC routes, and that these
complexes undergo complete H/D exchange at NH; using D,O
vapour in the solid-state. A mechanism invoking lattice encap-
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gold(i)-ammonia complex and H/D exchange
in crystallo with D,O
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sulated [NH,4]" is proposed, supported by SC-SC reactivity
studies using HCI vapour. [LAu()NH;]" complexes are of inter-
est for their role in olefin hydroamination catalysis;'°"> while
SC-SC reactivity of Au(i) complexes with external stimuli has
applications in photoluminescence.’®'* H/D exchange at
bound ammonia is known,'>™*° as are SC-SC organometallic
reactions using NH;."'**°

The starting materials [1-ligand][BAr",] (ligand = C,H,, CO)
crystallise as colourless blocks in two distinct polymorphs that
are discriminated by residual solvent in the lattice (P24/n, 1,2-
F,CeH,; P1, 1,2-F,C¢H, and heptane).” In both, the [BAr",]”
anions form a bicapped square prismatic arrangement, in
which two crystallographically identical cations of [1]" are
enclosed by 10 anions (see Supporting Information, SI). While
these polymorphs could not be mechanically separated, they
dissolve to form a single product in solution ("H NMR spec-
troscopy, CD,Cl,), before and after SC-SC reactivity. These
polymorphs are thus holistically treated as an ensemble.

Addition of NH; (1 bar absolute, 10 min) to the bulk ensem-
ble of crystalline [1-C,H4][BAr"4] results in complete conver-
sion to [1-NH;][BAr*,], Scheme 1, as measured by single-crystal
X-ray diffraction, powder X-ray diffraction, and solution NMR
spectroscopy (see SI). Ethene is observed to be formed by gas
phase 'H NMR spectroscopy. In the 'H NMR spectrum
(CD,Cl,) the NH; ligand is observed as a broad peak at § 0.92
(fwhm = ~9 Hz). This is significantly upfield-shifted when

gy JBAFA gy [IBAFd]
D [
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Bu
[1-C2H,][BArF,] [1-NH3][BArF ]

Scheme 1 Synthesis of [1-NHz][BArf,].
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compared with other Au(1)-NH; complexes, e.g. [(CAAC)Au(NH;)]
[B(C¢Fs)s] (CAAC = cylicalkylaminocarbene, § 2.53)'° and
[(PPh3)Au(NH;)][ClO4] (6 3.85),>" which we suggest is due to
ring current effects of the cavity-shaped aryl phosphine
ligand,"" through proximal N-H/x interactions.**

The resulting single-crystal structure of [1-NH;][BAr",] (P1
polymorph) shows that the cation has a linear geometry
[P-Au-N 177.9(3)°], Fig. 1. The Au-N distance of 2.139(8) A, is
slightly longer than that of the only other crystallographically
characterised gold(1) ammonia complex, [(CAAC)Au(NH;)]
[B(CeFs)a] [2.094(7) ALY The [BAr*,]” anions retain the
bicapped square prismatic arrangement, however the lattice
solvents of [1-NH;][BAr",] are absent to the detection limit of
the X-ray experiment, being lost in this SC-SC reaction as con-
firmed by 'H NMR spectroscopy on the dissolved ensemble of
crystalline materials. The *'P{'"H} SSNMR of the '°NH; ana-
logue (see below) shows a broad, asymmetric peak at § 3.9,
suggestive of the retention of two different crystalline phases
in the ensemble.

[1-NH, |[BAL", | [1-ND, ] [BAT" (1)

2
SC—-SC

This ensemble of crystals of [1-NH;][BAr*4] undergo revers-
ible, and selective, H/D exchange at the bound NH; ligand in a
SC-SC reaction (eqn (1)) upon exposure to an excess of D,O
vapour over 1 h, that forms [1-ND;][BAr",] (see SI for experi-
mental set up). While single-crystal X-ray diffraction shows an
unchanged structure, in the "H NMR spectrum (CD,Cl,) the
NH; peak at § 0.92 is absent, replaced by an, isotopically-
shifted, ND; peak at § 0.81 in the >H NMR spectrum. Upon
exposure of crystals of [1-ND;][BAr*,] to moist air, the NH;
peak reappears in the "H NMR spectrum (CD,Cl,), indicating
that this process is reversible and facile. ESI-MS (Electrospray
Ionisation Mass Spectrometry, positive mode, CH,Cl,) of
[1-ND;][BAr",] only returns an isotopologue pattern consistent
with [1-NH;][BAr",], likely due to exposure of the complex to
trace moisture in the sample train, despite significant precau-

Fig. 1 (A) Molecular structure of the cation [1-NHz]* (P1 polymorph).
Displacement ellipsoids shown at 50% probability. Most hydrogen atoms
are excluded for clarity. Selected bond distances (A) [1-NH3][BAr* 4], Au—
N, 2.139(8); Au—P, 2.234(3). (B) Packing diagram of [1-NH3][BArf4] shown
at van der Waals radii.
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tions being taken.>* Likewise, the solid-state ATR-IR spectrum
of crystals of [1-ND;][BAr,] measured in air matches that of
[1-NH][BAr"y] [vn-m) = 3359 em™'], with this vibration absent
when measured in an argon-filled glove box.** Using commer-
cially sourced D, (99.96%) H/D exchange is also observed to
give [1-ND;][BAr",]. However, when dried D, was used (1 week
over 3 A molecular sieves) no exchange occurred. We thus
suggest trace D,O is the source of deuterium under these con-
ditions. [1-ND;][BAr",] can be independently prepared in a SC-
SC transformation by exposure of the ensemble of crystalline
[1-C,H,][BAr" ] to ND; (SI).

To discount the formation of the isoelectronic water
complex on addition of H,0, i.e. [1-OH,][BAr" 4], H/D exchange
studies were repeated using the "N labelled isotopologue
[1-"°NH;][BAr",]. This was synthesised by addition of “>NH;
(~0.5 bar) to crystals of the ensemble of polymorphs of
[1-CO][BAr",] that resulted in 94% conversion (*'P{'H} NMR,
CD,Cl,) to [1-°NH;][BAr",], Fig. 2A.*° In the resulting "N
NMR spectrum of [1-'’NH;][BAr"4] (CD,Cl,, Fig. 2B) a quartet
of doublets is observed [§ 6.2, Yy = 72 Hz, */yp = 38 Hz],
which collapses into a doublet [*/xp = 38 Hz] on 'H decou-
pling. The "NH; signal is observed as a doublet at § 0.90
[un = 72 Hz] in the "H NMR spectrum, Fig. 2C. The *'P{"H}
NMR spectrum shows coupling to °N [§ 3.6, *Jxp = 38 Hz].
Solid-state *'P{"H} and ">N{"H} NMR spectra are fully consist-
ent with the formulation (SI). Addition of D,O to crystalline
[1-"°NH;][BAr",] resulted in the disappearance of the >NH;
peak in the resulting "H NMR spectrum (CD,Cl,) and the
appearance of a peak corresponding to H,O at § 1.56, Fig. 2D.
Retention of bound ammonia in the complex is confirmed by
the observation of "’ND; as a doublet in the >H NMR spectrum
at § 0.84 [YJpn = 9 Hz]. Rapid proton exchange between H,O
and bound NH; was demonstrated by solution EXSY experi-
ments (CD,Cl,, 298 K); calculated to be 13.8 + 0.4 s™*, that
corresponds to a barrier of 15.9(2) kcal mol .

H/D exchange at Rh(i)-bound NH; has been reported pre-
viously in the solid-state using D,, and is proposed to operate
via formation of an outer sphere ammonium complex."®

A) ) Uy = 72 Hz
15\H Bu “
F SR F 15NH
[1-COJ[BAr 4] — > [1-"*NH3][BAr ] s
-CO
SC-SC J
*
1= T2 Hz _
2p=38Hz D)
H,0
*
W VAN
16141210 8 6 4 2 0 2 -4 17 15 13 11 os o7

ppm

ppm

Fig. 2 (A) Synthesis of [1->NH3][BAr",]. (B) *°N NMR spectrum. (C) NH3
region of the *H NMR spectrum. (D) 'H NMR spectrum after D,O
addition to single-crystals (all 500 MHz, CD,Cl,, 298 K). * Residual
heptane.
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Similarly, one possible mechanism of H/D exchange at the
Au(1)-bound NH; with D,O is via protonolysis by lattice-incor-
porated D,0?® to form an [NH;D]" cation and a neutral LAu(i)-
OD complex, Scheme 2. A proton rebound mechanism then
delivers the isotopically-enriched ammonia complex, and
HDO, Scheme 2. Au(r) hydroxide complexes, including [1-OH],
are known,””*° and protonation with acids has been shown to
eliminate water.

An alternative, closely-related, mechanism is deprotonation
of the bound NH; by lattice proximal D,O to form a neutral
amido intermediate and [D,HO]" *>'° that rapidly undergoes a
rebound mechanism to deliver [LAu-NH,D]|[BAr",]J/HDO.

To demonstrate the feasibility of a rebound mechanism
occurring in the lattice, the ensemble of crystalline [1-"’NH;]
[BAr*,] was exposed to HCI vapour for 30 days.*® This resulted
in ~90% conversion to [1-CIJ[“’NH,][BAr,]. A resulting
single-crystal X-ray structure (P2,/n), Fig. 3, reveals an
ammonium cation (0.9 occupancy, confirmed by solution *'P
{'"H} NMR spectroscopy) residing within a pocket created by
the phosphine ligand, accommodated by a twist of one of the
phosphine biaryl substituents. In the >N{"H} SSNMR spec-
trum of the crystalline product two sharp signals observed at
6 39.9 and 31.1 are assigned to the crystallographically-distinct
[*>NH,]" cations of the two different polymorphs. In the solu-
tion '"H NMR (CD,Cl,) spectrum the ["’NH,]" cation was
observed as a doublet at § 5.57 ['Jux = 74 Hz], which collapses
to a singlet upon {*°N} decoupling, with a "H-">N HMBC corre-
lation to a '°N signal at § 33.8.

D,0 -HDO
[1-15NH;][BArF]——=—1-0D + ['*NH;D][BAr",] [1-"SNDH,][BArF,]
SC-sC SC-sC
D,0
-HDO

HCI
1-Cl + ["SNH4][BArT,]

1-15ND;][BArF
sosa [ 31l 4l

Scheme 2 Reaction of [1-1°NH3][BAr",4] with D,O and HCl and postu-
lated intermediates.

structure of the SC-SC
[1-*NH;][BArF,] with HCl after 30 days. Displacement ellipsoids are set
at 50% probability level. Hydrogen atoms are excluded for clarity.
Selected bond distances (A): Aul-Cll, 2.325(3); Aul-P1, 2.231(2).

Fig. 3 Molecular reaction of complex

Selected bond angles (°): N1-Aul-P1, 176.59(9).
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In conclusion, by extending the SMOM methodology to the
synthesis and reactivity of Au()-NH; complexes the broader
applicability of the approach is demonstrated, allowing for the
synthesis of a range isotopologues (*H, '>N) and mechanistic
insight into H/D exchange in crystallo. Our observations also
suggest a plausible source of deuterium in commercial D, is,
in fact, D,O, and thus its presence needs to be considered in
mechanistic studies using as supplied D,.
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