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Using 2D proton-coupled gHSQC pulse sequences in addition to 1D >N NMR experiments of >N labeled
systems, >N NMR chemical shifts of a range of transition metal amido and amine complexes were deter-
mined. Tungsten(Il), ruthenium(II), platinum(IV) and copper(I) complexes with aniline and their anilido
variants were studied and compared to free aniline, lithium anilido and anilinium tetrafluoroborate.
Upon coordination of aniline to transition metals, upfield chemical shifts of 20-60 ppm were observed.
Deprotonation of the amine complexes to form amido complexes resulted in downfield chemical shifts
of 40-60 ppm for all of the complexes except for the tungsten d* system. For the tungsten(Il) complexes,
the cationic aniline complex displayed a downfield shift of approximately 56 ppm relative to the neutral
anilido complex. The change in chemical shift for amine to amido conversion is proposed to depend on
the ability of the amido ligand to m-bond with the metal center, which influences the magnitude of
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the paramagnetic screening term.
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1. Introduction

Anionic heteroatomic ligands (e.g. amido, oxo, imido, alkoxo,
hydroxo, thiolate) exhibit diverse properties that depend on metal
identity and the formal oxidation state of the metal. For example,
amido (NR;) and imido (NR*") moieties have been utilized as inert
ancillary ligands as well as reactive ligands central to metal-
mediated catalysis [1-13]. When coordinated to transition metals
with one or more vacant dr orbital(s), amido ligands can function
as strong m-donors to produce metal-amido multiple bonding
(Scheme 1) [14-26]. The amido-to-metal m-interaction reduces
the electron density at the amido ligand and, hence, can decrease,
in some cases substantially, the propensity of this ligand to react as
a basic or nucleophilic center [18,19]. In contrast, coordination to
metal centers with a filled dnt manifold formally disrupts amido-
to-metal m-bonding since both © and ©° molecular orbitals are
filled (Scheme 1) [27,28]. This bonding scenario can enhance
ligand-centered reactivity by increasing the basicity and/or nucle-
ophilicity of the heteroatomic ligand relative to systems in which
amido-to-metal m-bonding is present [2-4,27-37].

Examples of amido complexes in which metal-amido n-bonding
is disrupted are predominantly found for the late transition metals.
For example, Bergman et al. have reported a Ru(Il) parent amido
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complex thatis capable of deprotonating the C-H bond of weak acids
such as phenylacetylene, fluorene and triphenylmethane [29,38].
Ruthenium in the plus two oxidation state, as in, TpRuL,(NHR),
TpRu(PMe3),0R and (PCP)Ru(CO)NHR {Tp = hydridotris(pyrazol-
yl)borate; L =PMe; or P(OMe)s; PCP = 2,6-(CH,P'Bu,),C¢H3} com-
plexes, undergoes reactions indicative of nucleophilic amido and
alkoxo/hydroxo ligands [30,32,33,39-43]. Single electron oxidation
to Ru(Ill) increases the predilection toward odd electron radical
reactions [40]. An octahedral Fe(II) parent amido complex possesses
sufficient nucleophilicity at nitrogen to undergo an apparent
intermolecular nucleophilic addition to free carbon monoxide
[44,45].

Recognition of the importance of ligand-to-metal m-donation
for tuning the reactivity of formally anionic (or dianionic) hetero-
atomic ligands has sparked efforts to understand the relationship
between M-X (X =NRy, OR, O, NR, etc.) bonding and the reactivity
of such complexes [2-5,18,27,28,32,33,37,38,40,42,45-59]. Along
these lines, our groups have been pursuing the synthesis and reac-
tivity of transition metal complexes with non-dative heteroatomic
ligands. Collectively, we have studied the reactivity of W(II), Ru(II),
Pt(IV), and Cu(I) systems with amido, alkoxo and related ligands
[2,15,16,30-37,41,43,60-63]. The Ru(Il), Pt(IV) and Cu(I) systems
all exhibit reactivity that can be attributed, at least in part, to the
disruption of ligand-to-metal m-donation.

Despite the increased attention recently focused on late transi-
tion metals in low oxidation states with amido ligands, to our
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Scheme 1. Stabilization of amido lone pair via m-donation into an empty d-orbital
versus interaction with filled dr orbital. On the left, the filled metal-nitrogen w
molecular orbital results in multiple bonding, while filled © and ©" molecular
orbitals (on the right) result in no net M-N multiple bonding.

knowledge a systematic study of such systems using >N NMR
spectroscopy has not been reported. In fact, despite increased use
of >N NMR spectroscopy in the study of solid-state and biological
systems [64-72], the application of >N NMR spectroscopy to solu-
tion phase transition metal chemistry is relatively rare [73-75].
The dearth of >N NMR data for metal amido (and related) com-
plexes is due in large part to the low natural abundance and low
sensitivity of the >N nucleus [73]. Given the large chemical shift
range of >N nuclei, >N NMR spectroscopy potentially can provide
a wealth of information about structure, bonding and reactivity of
amido and related transition metal systems. However, in order to
exploit this tool, a database of '>N NMR data and chemical shift
trends tabulating metal oxidation state, electron configuration
and electron count must be established.

Herein, we report on >N NMR spectroscopy of Ru(II), Pt(IV), and
Cu(I) amido complexes and the corresponding amine systems. The
chemical shifts of these systems are compared to the benchmarks
set by the aniline, [Li][NHPh], and [NH3Ph]" triad; data for a pair of
amido and amine W(II) complexes, Tp " W(CO)(PhC=CMe)(NHPh)
and [Tp'W(CO)(PhC=CMe)(NH,Ph)][BAr4] {Tp" = hydridotris(3,5-
dimethylpyrazolyl)borate; Ar’ = 3,5-(CF3),CgHs}, are also included.
In addition to initiating a database of >N NMR data, these studies
were designed to probe the potential impact of the presence/ab-
sence of amido-to-metal m-bonding on chemical shifts (Scheme
1). Computational studies have been used in combination with
the experimental data in an effort to model and understand the
15N NMR data.

2. Results and discussion
2.1. Experimental results

For this study, we selected a range of systems for which amido-
to-metal w-bonding is blocked by filled dw manifolds (Chart 1). The
Ru(Il) and Pt(IV) complexes are d® and six-coordinate and, hence,
are electronically saturated 18-electron species in the absence of
amido-to-metal m-donation. For these complexes, there are no va-
cant metal-based orbitals of m-symmetry. We have previously
shown that the Ru(Il) systems exhibit basic and nucleophilic char-
acter at the amido ligand, which is likely due to the disruption of
amido-to-ruthenium m-donation [30,33,43,62]. The two-coordi-
nate Cu(I) system is formally a 14-electron species in the absence
of amido m-donation, and previously reported studies indicate
insignificant amido-Cu m-interaction [37]. Indeed, for (IPr)-
Cu(NHPh), joint experimental/computational studies suggest more
significant m-bonding between the amido N and ipso C of the phe-
nyl substituent than between the amido N and Cu [31,37]. For the
Ru(II), Pt(IV) and Cu(I) systems, we also acquired >N NMR data for
the cationic amine complexes to determine the impact of proton-
ation on the >N NMR chemical shifts.
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Chart 1. Transition metal amido and amine complexes studied herein.

As a contrast to the Ru, Pt and Cu systems for which amido-me-
tal m-interaction is expected to be minimal, we obtained >N NMR
spectra of an amido/amine pair that is coordinated to a metal with
a vacant dr orbital. The previously reported six-coordinate W(II)
(d*) complex Tp'W(CO)(PhC=CMe)NHPh possesses an empty dm
orbital and engages in W-amido multiple bonding, albeit in compe-
tition with alkyne m, to W m-donation [16]. Previous studies are
consistent with W-N,iqo multiple bonding as evidenced by spec-
troscopic data of the complexes [Tp ' W(CO)(PhC=CMe)NH,Ph]™*
(n=1,m=0; n=2,m=1)[16]. For example, the '3C NMR spectrum
of Tp"W(CO)(PhC=CMe)NHPh reveals chemical shifts at 178.3 and
181.3 ppm for the alkyne carbons, consistent with t-donation from
both the alkyne and amido ligands into a single vacant dr orbital.
In contrast, the cationic amine complex, [Tp'W(CO)(PhC=C-
Me)NH,Ph]*, exhibits alkyne resonances at 214.9 and 216.4 ppm,
which reflect a four-electron donor alkyne [73-75].

2.2. >N NMR spectroscopy

NMR spectroscopy is routinely used to characterize organic
compounds and organometallic complexes with 'H, '3C, '°F and
31p NMR the most commonly studied nuclei. These isotopes offer
either high or reasonable natural abundance as well as good
NMR sensitivity, which combine to allow rapid acquisition of high
quality spectra. The >N (I = 15) isotope is an NMR active nucleus
present in many organic and organometallic compounds; however,
15N NMR spectroscopy data acquisition is not yet routine due to
the low natural abundance of the °N isotope (0.37%) and poor sig-
nal intensity [74,76]. Isotopic labeling can facilitate the acquisition
of >N NMR spectroscopy data, but label incorporation is expensive
and can be time consuming. With advancements in 2D NMR anal-
ysis and methods such as gHMBC (gradient heteronuclear multiple
bond coherence) and gHSQC (gradient heteronuclear single quan-
tum coherence), techniques for obtaining >N chemical shifts from
compounds in the absence of isotopic enrichment have become
more accessible. For the complexes shown in Chart 1, we acquired
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15N NMR data using proton-coupled gHSQC experiments. This 2D
method of >N NMR only detects N atoms that have protons di-
rectly bonded, which is advantageous herein since pyrazolyl and
imidazolyl N atoms remain “silent” and only the amido or amine
N atoms of the transition metal complexes are detected. In some
cases, obtaining reliable signal-to-noise ratio was difficult using
the 2D methods, and in these cases the >N NMR data were ac-
quired using the '’N labeled complexes and standard 1D '°N
NMR experiments. The >N NMR spectra were referenced to ani-
line, which was set to 0 ppm.

Table 1 displays the >N chemical shifts that were acquired in
THF-dg. To establish a baseline for change in chemical shift upon
converting from amine to amido, we first obtained >N NMR spec-
tra of aniline and the anilido salt LiiNHPh]. The deprotonated spe-
cies Li[NHPh] has a downfield chemical shift of 44.4 ppm
compared to the resonance for aniline. Our observation of a down-
field chemical shift of approximately 44 ppm upon converting ani-
line to its lithium anilido salt is consistent with previously reported
15 NMR data. For example, Ide et al. have reported downfield chem-
ical shifts (in THF) of lithium anilides relative to anilines between
35.7 and 42.4 ppm [77,78]. For all complexes studied, the coordi-
nation of aniline to transition metals results in upfield chemical
shifts. For example, the ruthenium(Il) aniline complex [TpRu(P-
Mes),(NH,Ph)][OTf] has a "> N NMR resonance at —62.1 ppm. In
comparison, the protonation of aniline to form the anilinium spe-
cies [NH3Ph][BF,4] results in a minor upfield shift to approximately
—6 ppm [78]. Thus, coordination of NH,Ph to ruthenium(lII) {or to
W(II) or Pt(IV), see below} has a much greater impact on chemical
shift than protonation (Chart 2). The ruthenium(Il) anilido complex
TpRu(PMe3),(NHPh) exhibits a resonance at —3.1 ppm (Fig. 1),
which is upfield compared to lithium anilido salt at 44.4 ppm.
The conversion of [TpRu(PMes),(NH,Ph)]* to TpRu(PMes),NHPh
results in a downfield chemical shift of approximately 59 ppm.

The coordination of aniline to the platinum cation [(NCN)Pt-
(Me),]* {NCN = 2,6-(pyrazolyl-CH,),CgHs3} gives results similar to
coordination to Ru(ll) with a >N chemical shift of —23.5 ppm
(upfield of free aniline) for the platinum complex. The platinum
anilido species, (NCN)Pt(Me),NHPh, has a resonance at 15.9 ppm
with 'Jpey =209 Hz (Fig. 2), which is shifted upfield compared to
the lithium anilido species. Thus, similar to the [TpRu(PMes),

Table 1

15N NMR chemical shifts (ppm) acquired using proton-coupled gHSQC experiments or
standard 1D >N NMR with isotopically enriched samples {aniline was used as an
external reference at 0 ppm and all data were acquired in THF-dg; Tp = hydrido-

tris(pyrazolyl)borate; ~ Tp = hydridotris(3,5-dimethylpyrazolyl)borate;  IPr=1,3-
bis(2,6-diisopropylphenyl)imidazol-2-ylidene}.

Compound 5 As°
[Li][NHPh] 44.4° 44.4
NHPh 0.0%4 6
[NH5Ph][BFE4] —6°

TpRu(PMes),(NHPh) —-3.1¢ 59.0
[TpRu(PMe;),(NH,Ph)][OTf] —62.1¢
(NCN)Pt(Me),(NHPh) 15.998 39.4
[(NCN)Pt(Me),(NH,Ph)][BAr4] —23.5¢ -

Tp W(CO)(1?-PhC=CMe)(NHPh) —75.3%h —55.8
[Tp W(CO)(?-PhC=CMe)(NH,Ph)][BAr'4] —19.5¢

(IPr)Cu(NHPh) 30.9¢ N/A
[(IPr)Cu(NH,Ph)][OTf] N/A

Chemical shift (ppm).
(3amido - (samine~
Acquired via 2D gHSQC experiment.
Acquired via standard 1D >N NMR experiment with isotopically enriched
sample.
¢ Data from Ref. [78].
f ‘Saniline - (Sani]inium-
& 1pe_n =209 Hz.
h 1 n=61Hz.

a
b
c
d

NH,Ph +—M+> [I'\/'I-NH2Ph|+

M AS
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TpRu(PMes), 62.1
(NCN)Pt(Me), 235

Tp*W(CO)(PhC,Me)  19.5

Chart 2. Comparison of impact on chemical shift of protonation of aniline versus
coordination to various transition metal cations (Ad = 8aniline — OM—NH,Ph)-
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Fig. 1. 2D gHSQC NMR spectra overlay of aniline and TpRu(PMe3),NHPh. The °N
NMR spectrum is located on the x-axis with the peak at 0.00 ppm due to aniline and
the peak at —3.1 ppm due to TpRu(PMes),NHPh. The 'H NMR spectrum is on the
y-axis.
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Fig. 2. >N NMR spectrum of (NCN)Pt(Me), NHPh that displays satellites due to
195pt_"N coupling (‘N = '*> N).

(NH,Ph)]™ (n=1, m=0; n=2, m=+1) system, the conversion of
the Pt-aniline complex to Pt-anilido results in a downfield chemi-
cal shift with A =39.4 ppm. The difference in magnitude of the
aniline/anilido chemical shifts for Pt(IV) is less than Ru(Il) with
the latter exhibiting a Aé of 59.0 ppm.

The aniline complex [Tp "W(CO)(12-PhC=CMe)(NH,Ph)][BAr’4]
was found to have a >N NMR resonance at —19.5 ppm. The tung-
sten anilido complex, Tp"W(CO)(n?-PhC=CMe)(NHPh), displays
an N'° shift of —75.1 ppm, which is more than 55 ppm upfield com-
pared to the aniline complex. In contrast, comparison of aniline
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and anilido complexes reveals downfield chemical shifts for the
Ru(II) and Pt(IV) systems. The tungsten-amido complex is the only
complex whose formal d electron configuration allows amido-
to-metal multiple bonding. The presence of multiple bonding
may account for the difference in chemical shift upon converting
from aniline to anilido complexes for Ru(ll) and Pt(IV) versus
W(II) (see below). For the tungsten amido complex Tp'W(CO)-
(n2-PhC=CMe)(NHPh), satellites due to ¥*W-1°N coupling (Y =
61 Hz) were observed.

The copper amido complex (IPr)Cu(NHPh) has a >N NMR chem-
ical shift of 30.9 ppm, which is the most substantial downfield shift
observed of all of the transition metal complexes in this study.
Unfortunately, we were unable to obtain an experimental chemical
shift for the copper-amine complex from 2D or 1D >N NMR exper-
iments performed in various different solvents. The theoretical
chemical shift of the copper-amine complex will be described
below.

2.3. Computational studies

Calculated >N NMR chemical shifts in the gas-phase and THF
solvent are given in Table 2. Comparison of calculated >N chemical
shifts in gas-phase and in THF show similar agreement in relation
to experimental numbers, and thus our analysis will focus on the
latter as it is more appropriate to the experimental conditions. In
both solution and gas-phase, the calculated chemical shift of the
W-anilido complex Tp"W(CO)(1>-PhC=CMe)(NHPh) is an obvious
outlier. A plot of the calculated (THF) versus experimental >N NMR
chemical shifts is shown in Fig. 3. When the single outlier for

Table 2
DFT-calculated >N NMR chemical shifts for amido and amine species in gas-phase
and in THF solvent.

Compound Experimental Calculated/ Calculated/
&8 gas o THF o
[Li][NHPh] 444 70.1 53.0
NH,Ph 0.0 0.0 0.0
TpRu(PMes),(NHPh) 3.1 -45 15.5
[TpRu(PMes),(NH,Ph)][OTf] —62.1 —30.2 -29.9
(NCN)Pt(Me),NHPh 15.9 20.5 24.7
[(NCN)Pt(Me),(NH,Ph)][BAr'4] —235 -73 -5.9
Tp ' W(CO)(1n*PhC=CMe)(NHPh) -75.3 151.2 148.7
[Tp ' W(CO)(?-PhC=CMe)(NH,Ph)][BAr'y] —19.5 -45 -23
(IPr)Cu(NHPh) 30.9 26.3 24.0
[(IPr)Cu(NH,Ph)][OTf] N/A 213 -184
2 See Table 1 for details.
Calcd & - THF
60 -
*
40 -
*
20 4
L J

R R R o]

5 o5  Exptld
-20 -

40 -

Fig. 3. Plot of calculated (THF) versus experimental '> N NMR chemical shifts (ppm)
with the Tp W(CO)(2-PhC=CMe)(NHPh) outlier removed. Axes are in ppm and
chemical shifts are referenced to aniline. Least-squares line is y =0.711 x+ 11.39
with an R? value of 0.92.

Tp'W(CO)(n2-PhC=CMe)(NHPh) is removed, agreement between
experimental and calculated data is good (R? = 0.92).

In general, agreement between calculated and experimental '°N
NMR chemical shifts is good with the exception of Tp*W(CO)(nZ-
PhC=CMe)(NHPh). It is possible that the d* electron configuration
gives rise to accessible electronic transitions and a larger paramag-
netic contribution for the W-anilido complex (see below).
Tp'W(CO)(n2-PhC=CMe)(NHPh) is the only complex studied that
possesses a vacant metal d orbital, which enables amido-to-metal
n-bonding. The calculated W-N bond length is short at 2.02 A (in
comparison to the sum of the W and N covalent radii), and the var-
ious angular metrics about the anilido N suggest that it is close to
planar (sum of angles at N=359.5° and the W-N-H'"Cj,s, impro-
per torsion angle = 174°), supporting the inference of multiple
bond character in the W-N bond. Appropriate caution must be
exercised, however, in using amido planarity to indicate the pres-
ence or absence of m-bonding with a metal center [79]. In a previ-
ous study of Cu-anilido complexes by our groups, the anilido N
was also found to be planar [37], but in that case amido planarity
was ascribed to N-Cj,, m-bonding rather than metal-amido multi-
ple bonding. The experimentally determined short N-Cj,s, bond
lengths for a series of Cu(l) anilido complexes of ~1.35 A, which
are shorter than typical N-C single bonds (~1.47 A), are consistent
with a substantial degree of N-Cj,s, multiple bonding. The corre-
sponding bond distance of the amine complex [(dtbpe)-
Cu(NH,Ph)][PFs] is longer at 1.444(4)A. For the W amido
complex, the calculated N-Cjps bond length is considerably longer
at 1.41 A, again supporting the hypothesis that there is significant
metal-amido multiple bond character in Tp W(CO)(n?-
PhC=CMe)(NHPh).

2.4. Discussion

The chemical shift in >N NMR spectroscopy is determined by
the relative contributions of the diamagnetic screening (¢¢) and
the paramagnetic screening (o). The paramagnetic term, which
often dominates for >N NMR spectroscopy, has been related to
three contributions (Eq. (1)) where AE is a function of the energy
of accessible electronic transitions, the radial term r° is an average
of the non-s orbital radius, and Q is a function of bond orders and
charge densities of all bonding electrons and is dependent on the
extent of multiple bonding [73,74,80].

1 1
aP ~ AE P Z Q (1)
In order to delineate possible structural and electronic factors for
these amido complexes, a QSPR (quantitative structure property
relationship) analysis was performed on the calculated >N NMR
chemical shifts using the MOE (Molecular Operating Environment)
package [81]. Descriptors that were evaluated for their impact on
the >N NMR chemical shift (values calculated in THF solvent were
used) included the d-electron count of the metal, the calculated
Kohn-Sham (KS)-HOMO and KS-LUMO energies, the calculated
KS-HOMO/KS-LUMO gap, the calculated anisotropy on the NMR nu-
cleus of interest, the calculated (Mulliken) atomic charge on the
amine/amido nitrogen, the number of hydrogen atoms on the
amine/amido nitrogen, and whether or not the ligand is an anilido
or not (Table 3). Utilizing partial least squares fitting techniques
to perform a multiple linear regression yielded a good correlation
(Fig. 4; R? = 0.99). The best parsimonious QSPR fit (limited to a max-
imum of 3 descriptors given the small size of the computational
dataset) indicated that the most significant of the aforementioned
descriptors in determining the calculated >N chemical shift, as well
as the differences between the corresponding amine/amido shifts
for the different pairs, is the calculated anisotropy (relative impor-
tance = 0.54), the HOMO energy (relative importance = 0.62), and
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Table 3

DFT-calculated '>N NMR chemical shifts and QSPR descriptors for amido and amine species in THF solvent 2.

Complex & (ppm) Aniso (ppm) HOMO (a.u.) LUMO (a.u.) Gap (a.u.) qn (e7) q'n(e7) d" (e”) Anilido
(IPr)Cu(NHPh) 24.0 76.7 —0.2041 0.0169 0.2211 -0.85 -0.49 10 1
[(IPr)Cu(NH,Ph)][OTf] ~18.4 714 —0.2883 —0.0042 0.2841 —0.86 0.00 10 1
(NCN)Pt(Me),(NHPh) 24.7 74.1 —0.2090 0.0301 0.2391 —0.81 —0.46 6 1
[(NCN)Pt(Me),(NH, Ph)][BAr4] -59 64.5 ~0.2861 ~0.0039 0.2822 ~0.82 0.05 6 1
TpRu(PMes),(NH,)? -106.3 138.3 ~0.2002 0.0407 0.2408 ~1.15 ~0.49 6 0
[TpRu(PMe3)y(NH3)[* -79.0 56 —0.2645 0.0184 0.2828 —0.86 0.36 6 0
TpRu(PMes),(NHPh) 15.5 114.2 —0.1796 0.0479 0.2275 —0.66 -0.29 6 1
[TpRu(PMes;),(NH,Ph)][OTf] -299 96.5 ~0.2670 0.0188 0.2858 -0.72 0.1 6 1
[{W}(NH,Ph)][BAr’ 4] -2.3 57.6 —0.2581 —0.0484 0.2097 -0.83 0.04 4 1

3 The computed descriptors are determined at the same level of theory used to calculate the >N NMR chemical shifts (see Section 4.3). The quantity & is the '>N chemical
shift (ppm) and Anisotropy (Aniso, ppm) of the nucleus of interest calculated in THF solution, the Kohn-Sham HOMO and LUMO energies (a.u.), the energy difference (gap,
a.u.) between the HOMO and LUMO, the Mulliken atomic charge (e~) on the nucleus of interest (qy), this same quantity with the attached hydrogen charges summed in (q'n)
the formal d orbital occupancy (d"), and a logical variable (anilido) denoting whether or not (T =1, F=0) the amine/amido has an aromatic substituent.

> TpRu(PMes),(NH,) data were not discussed Section 4 since the amido complex, TpRu(PMes),NH,, is not sufficiently stable in solution to acquire data. The experimental

15N NMR chemical shift of [TpRu(PMe3),NH3][OTf] is —98.44 ppm.
¢ {W} = Tp'W(CO)(PhC,Me).

-110 -70 -30 10

-85 +

-105 +

-125 +

Fig. 4. Plot of QSPR-fit (y-axis) and DFT-calculated (x-axis) >N NMR chemical shifts
for inorganic amido/amines. Least-squares line is given (R? = 0.99).

whether or not the N nucleus of interest was an anilido (relative
importance = 1.00). The HOMO-LUMO gap, the LUMO energy, the
calculated atomic charge on the nitrogen, and the formal d electron
count were deemed by the QSPR fit to be less significant for deter-
mining the >N shift. Of course, the limitations on calculations of
HOMO-LUMO gaps (especially the LUMO energy) must be taken
into consideration. The potential impact of the HOMO-LUMO gap
(i.e. energy of electronic excitation) is discussed in more detail
below.

2.5. Impact of d-electron count

A primary motivation for these studies was to compare the
influence of amido-metal m-bonding on the >N NMR chemical
shift data. From the experimental data, for the systems in which
the d electron count inhibits amido-to-metal m-donation {i.e. the
Ru(Il) and Pt(IV) systems}, the conversion of aniline complexes to
amido via proton loss results in a downfield chemical shift. For
the Ru(”) complexes, the Ao (5amido complex*&aniline complex) is
59.0 ppm, and the A6 for the Pt complexes is 39.4 ppm. Although
we could not obtain an experimental >N NMR chemical shift for
[(IPr)Cu(NH,Ph)][OTf], the calculated data reflect a similar trend
to the Ru(Il) and Pt(IV) complexes. Upon conversion of Cu amine

[(IPr)Cu(NH,Ph)][OTf] to the amido complex (IPr)Cu(NHPh), the
calculated A¢ is 42.4 ppm. In contrast, for the W(II) d* complexes,
the conversion of W-NH,Ph to W-NHPh results in an experimen-
tally determined upfield chemical shift with Aé = —55.8 ppm.

Although multiple factors could potentially contribute to the
reversal in Aé for the Ru, Pt and Cu complexes in comparison to
the W systems, the most conspicuous culprit is the impact of d
electron count, which could substantially influence the AE~! term
in the o, parameter (Eq (1)). In this equation, AE is the electronic
excitation energy, which can be approximated by the HOMO-
LUMO gap (i.e. the lowest energy electronic transition) [73]. Ignor-
ing other factors that contribute to the paramagnetic screening
term, as AE is decreased a downfield chemical shift is anticipated
in the ">N NMR spectrum and vice versa. Note from Table 3 that
the W-amine complex has the smallest calculated HOMO-LUMO
gap.

As previously described by Templeton et al. [16], for [Tp"W(CO)-
(PhC=CMe)(NH,Ph)]™ (n=1, m=0; n=2, m=1), in the absence
of W-N 7 interactions, it is anticipated that the dm orbitals will
split into: (1) a lowest energy molecular orbital that has d,,
character and results from back-bonding with the CO and alkyne

z
(o]
C
I
T~N—Ph
[N x
Me; o H H Me; o]
s " =N
Meo—) £~ | _— . VS o
QW/V[V\NfPh -H ‘?‘er/I\'N—Ph
o I o
,B/NL@] 'B/N\_CP_?
H H
Me; Me;
. o SRR dxy(ﬂ)
dxy(“) aememnTT /\Ez
AE;

4 a + 4.
AEz > AE4

|

Tl' dyz l dyz

Scheme 2. Depiction of qualitative molecular orbital diagram for [Tp*W(CO)—
(PhC=CMe)(NH,Ph)]" and Tp W(CO)(PhC=CMe)(NHPh) illustrating anticipated
impact on HOMO-LUMO gap upon conversion of the aniline complex to the amido
complex.
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ligands, (2) a middle energy m molecular orbital that is comprised
of d,,, which back-bonds with CO only, and (3) a highest energy
orbital that has d,, character, which is a 1" molecular orbital that
results from alkyne-to-tungsten m-donation (Scheme 2). When
comparing the amine and amido complexes, the lone pair on the
amido orients to m-donate into d,,, which results in an increase
in the energy of this molecular orbital relative to that of the amine
complex (Scheme 2). The net result is an increase in the HOMO-
LUMO gap upon conversion of W-amine to W-amido, and if this
term dominates o}, an upfield chemical shift is anticipated for the
amido complex relative to the amine complex.

For systems in which amido-to-metal m-donation is disrupted
by a filled dm manifold a different scenario unfolds. With a filled
d orbital set, the lowest energy electronic excitation is anticipated
to result from the transition of an electron in a metal-based orbital
with metal-amido m anti-bonding character to either a ligand
based anti-bonding orbital or a metal-ligand ¢" molecular orbital
(Scheme 3). Protonation of the amido removes metal-N n-bonding
and, hence, removes the anti-bonding character from the metal-
based HOMO. Although this evaluation does not take into account
the impact of protonation on other orbitals, it could be anticipated
that the lowest energy electronic excitation might be decreased
upon conversion of amine to amido as shown in Scheme 3, which
is opposite of the prediction for the W(II) complex.

UV-Visible data for the lowest energy electronic transition for
the series of complexes studied herein follow the predicted trends
in Schemes 2 and 3 (Table 4). The Ru(ll), Pt(IV) and Cu(I) complexes
are all colorless in pure form, which is consistent with the absence
of electronic transitions in the visible region for these systems. In
contrast, the colored W(II) complexes exhibit absorptions above
500 nm. For the W(II) complexes, the cationic amine complex
[Tp"W(CO)(PhC=CMe)(NH,Ph)|* displays an absorption at
582 nm, while the amido complex Tp"W(CO)(PhC=CMe)(NHPh)
has an absorption at 543 nm. In contrast to this significant blue
shift, for the Ru(Il), Cu(I) and Pt(IV) systems amine to amido

g L —_— >M<
| N—Ph l N—Ph
HoH H

Empty ligand-based

f orbital or metal-ligand o* -\

———— e T

AE
i - <ﬂ» dr amido n*

—H,—dr:

Scheme 3. Depiction of qualitative molecular orbital diagram for amine and amido
complexes for metals with filled dmt manifold.

Table 4

Lowest energy absorption taken from UV-vis spectra.

Complex A (nm) A% (nm)
TpRu(PMe3),(NHPh) 360 93
[TpRu(PMes),(NH,Ph)][OTf] 267
(NCN)Pt(Me),NHPh 319 23
[(NCN)Pt(Me)y(NH,Ph)][BAr’4] 296

(IPr)Cu(NHPh) 366 81
[(IPr)Cu(NH,Ph)][OTf] 285

Tp W(CO)(1?-PhC=CMe)(NHPh) 543 -39
[Tp ' W(CO)(n?-PhC=CMe)(NH,Ph)][BAr'] 582

a
/amido — 4amine-

conversions all result in a decrease in energy (red shift) for the low-
est energy electronic excitation.

The QSPR analysis indicated a weak connection between
HOMO-LUMO gap and >N NMR chemical shift. However, compar-
ison of UV-Vis data and >N NMR chemical shifts for the W(II)
amine and amido complexes versus the Ru(ll) and Pt(IV) com-
plexes suggests that amido-to-metal t-bonding plays an important
role. These results seemingly contrast one another; however, due
to the enormous difference in calculated and experimental chemi-
cal shift for the W(II) amido complex, this system was removed
from the QSPR analysis. Hence, the QSPR analysis is based on d®
and d'® metals for which amido-to-metal m-interaction is negligi-
ble, and the analysis likely provides an accurate reflection of the
lack of impact for those systems. For the W(II) amine and amido
complexes, amido-to-W m-bonding may dramatically alter the
chemical shift for the amido complex.

3. Conclusions

15N NMR chemical shifts have been collected for a series of tran-
sition metal amido and amine complexes. The combined experi-
mental and computational data suggest that amido-metal -
interaction plays an important role in the change in chemical shift
upon conversion of amine to amido. In the absence of amido-metal
n-bonding, which results from filled d orbitals, downfield chemical
shifts of 40-60 ppm are observed. However, for the W(II) com-
plexes, the conversion of amine to amido results in an upfield
chemical shift of almost 56 ppm, which is likely attributable to
amido-to-tungsten m-donation. Thus, the difference in presence/
absence of amido-to-metal m-bonding alters the chemical shift
change by approximately 100 ppm.

4. Experimental
4.1. Materials

All solvents were degassed by N (g) purging prior to use. Tetra-
hydrofuran-dg was used from freshly opened ampules purchased
from Cambridge Isotope Laboratories, Inc. Tetrahydrofuran was
purified by distillation from sodium/benzophenone. (IPr)Cu(NHPh)
[61], [(IPr)Cu(NH,Ph)][OTf] [34], (NCN)PtMe,(NHPh) [63], [(NCN)-
PtMe,(NH,Ph)][BAr',4] [63], TpRu(PMes),(NHPh) [62], [TpRu(P-
Mes)>(NH,Ph)][OTf] [62], Tp"W(CO)(PhC=CMe)(NHPh) [16] and
[Tp"W(CO)(PhC=CMe)(NH,Ph)][BAr’4] [16] were prepared accord-
ing to published procedures. The °N labeled complexes, TpRu(P-
Mes),(1>NHPh) and [TpRu(PMes),('>NH,Ph)][OTf], have been
previously reported including ‘Jyy data [82].

4.2. Measurements

All reactions and procedures were performed under anaerobic
conditions in a nitrogen filled glovebox or using standard Schlenk
techniques. Glovebox purity was maintained by periodic nitrogen
purges and monitored by an oxygen analyzer {O,(g) < 15 ppm for
all reactions}. Single bond (H, '>N) chemical shift correlation spec-
tra were recorded on a Varian Mercury 400 MHz spectrometer
operating at 40 MHz in the inverse mode using 'H detection based
on the HSQC method with >N decoupling using GARP (Globally
Optimized Alternating Phase Rectangular Pulse). Two sets of 256
time increments were obtained in the phase-sensitive mode, pro-
cessed to a final size of 2K x 2 K; 64 transients were obtained
per time increment and the relaxation delay was 1 s. Standard
1D N NMR spectra were recorded from '°N isotopically enriched
samples via 'H decoupled experiments operating at 40 MHz. All
NMR samples were made from nearly saturated solutions of the
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analyte in tetrahydrofuran-ds. UV-Vis data was obtained via a Var-
ian Cary 100 Bio UV-Vis spectrophotometer operated by the Varian
Cary WinUV program was used to acquire UV-Vis data. Samples
were acquired in THF solutions in screw cap quartz cells with path
length of 1 cm. A blank spectrum of THF was subtracted from the
sample spectra to observe the analyte.

4.3. Computational methods

Calculations employed the caussian 03 suite of programs [83].
After calibration of a variety of computational techniques versus
experimental data for aniline and LiNHPh, the following scheme
was found to provide the best balance between computational effi-
ciency and accuracy. All complexes were first optimized using
B3LYP/CEP-31G(d) methods, the latter designating the Steven
effective core potentials [84] for all heavy atoms with main group
basis sets augmented by a d polarization function (taken from the
6-31G(d) basis set). The minima thus obtained were then submit-
ted to a single point calculation of NMR properties using the Ste-
ven's CEP-31G basis set for the transition metal, 6-31G(d) for
main group elements and the IGLO-III basis set [85,86] for the
nitrogen atom whose NMR chemical shift was of interest. The
BHandHLyp density functional was used for the calculation of the
NMR chemical shifts as this was found to give the most reliable re-
sults on the basis of test calculations for PhANH, and LiNHPh. The
NMR shifts were calculated using the GIAO approximation [87]
in both the gas-phase and in solution (CPCM solvent model [88],
Pauling radii, THF solvent). Calculated >N NMR chemical shifts
are referenced to the value calculated for aniline at the same level
of theory. In general, starting geometries for DFT optimizations
were obtained from the lowest energy conformations obtained
from a molecular mechanics based conformational search (metal
and ligating atoms frozen) using the MOE software and the
MMFF94x force field. When appropriate, different coordination
isomers (cis/trans, fac/mer, etc.) were manually constructed and
evaluated to obtain the lowest energy geometries used for subse-
quent NMR calculations.
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