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A. Syntheses, Spectra, and Reactions

General Procedures. All experiments were performed under a nitrogen atmosphere
using standard Schlenk and glovebox techniques. HPLC-grade solvents, stored under nitrogen,
were purified by passing them under nitrogen pressure through an anaerobic, stainless-steel
system consisting of either two 4.5 in. x 24 in. (1 gal.) columns of activated A2 alumina
(CHsCN, Et,0, CH,Cl,, and THF) or one column of activated A2 alumina and one column of
activated BASF R3-11 catalyst (toluene).' Benzene-ds was dried over Na:K (1:2) alloy.
Dichloromethane-d, was dried over P,Os or 3A molecular sieves. THF-ds was dried over Na:K
(1:2) alloy or 3A molecular sieves. Acetonitrile-d; was dried over calcium hydride.
W(CPh)(dppe)-Cl (1)* and [W(CPh)(dppe),CI][OTf] (1[OTf])’ were prepared by standard
procedures. Isotopically labeled [W('>CPh)(H)(dppe),CI][PFs] was prepared by following the
procedure below for [W(CPh)(H)(dppe).Cl1][PFs] ([1H][PFs]) from the starting material
W(*CPh)(dppe),Cl, with the °C label being derived from Ph'>C">CPh.>* All other reagents
were obtained from commercial sources and used as received. 'H-, "C{'H}-, and *'P{'H}-NMR
spectra were recorded using Bruker AF-500 or DRX 400 MHz NMR spectrometers at room
temperature unless otherwise noted. Chemical shifts were measured relative to solvent
resonances ('H and "°C) or an external standard of 85% H3;PO, (*'P).

Synthesis of [W(CPh)(H)(dppe):CI1][PFs] ([1H][PFs]). To a stirred suspension of 1
(0.160 g, 0.144 mmol) in THF (5 mL) at room temperature was added dropwise a solution of
HCI (0.5 mL, 1 M in Et,0, 0.5 mmol) over 10 min. The color of the reaction mixture changed
from dark orange-red to dark golden yellow and a precipitate formed. After 2 h the volatile
components were removed under vacuum. The remaining off-white solid was dissolved in
acetonitrile (6 mL), and to the resulting yellow solution was added a solution of KPF¢ (0.045 g,
0.244 mmol) in acetonitrile (4 mL) with stirring. A white precipitate formed immediately. After
12 h, the precipitate was removed via filtration from the yellow solution and washed with cold
acetonitrile (3 x 5 mL). The volatile components were removed from the yellow filtrate and
extracted into dichloromethane (10 mL). The solution was filtered through celite, which removed
a small amount of solid, and the volatile components were removed under vacuum. The crude
product was recrystallized from acetonitrile (0.5 mL) layered with toluene (2 mL) at —50 °C.
[1H][PF¢] was collected via filtration as an off-white powder from the light yellow solution,

washed with Et;O (15 mL), and dried under vacuum (0.126 g, 0.100 mmol, 69.4% yield).
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Selected NMR spectra are shown in Figures S1-S4. "H NMR (500.13 MHz, CD;CN): § 7.42 (m,
8 H, 0-PPh,), 7.38 (m, 8 H, 0-PPh,), 7.33 (m, 8 H, p-PPh,), 7.21 (m, 8 H, m-PPh,), 7.09 (m, 8 H,
m-PPhy), 6.95 (t, 1 H, *Juy = 7 Hz, p-CsHs), 6.68 (t, 2 H, *Jun = 7 Hz, m-C¢Hs), 5.81 (d, 2 H, *Juu
=7 Hz, 0-C¢Hs), 4.21 (quin with satellites, “Jup= 43 Hz, 'Juw = 13 Hz, WH) 3.11 (d, 8 H,
PCH,). "H NMR (500.13 MHz, CD,Cl,): & 7.42 (m, 8 H, 0-PPh,), 7.37 (m, 8 H, 0-PPh,), 7.33
(m, 8 H, p-PPh,), 7.19 (m, 8 H, m-PPh,), 7.12 (m, 8 H, m-PPh,), 6.97 (t, 1 H, *Juu = 8 Hz, p-
CHs), 6.70 (t, 2 H, *Juy = 8 Hz, m-CsHs), 5.68 (d, 2 H, *Jun = 7 Hz, 0-CsHs), 4.18 (quin with
satellites, 2Jyp= 43 Hz, 'Juw = 14 Hz, *Juc = 6 Hz," WH), 3.01 (m, 8 H, PCH,). “C{'H} NMR
(125.78 MHz, CD3CN): § 265.67 (quin, *Jcp = 12 Hz, 'Jwe = 190 Hz,' WC), 147.63 (s), 135.23
(s), 134.72 (s), 133.53 (s), 132.51 (s), 132.28 (s), 129.89 (s), 129.44 (s), 128.91 (s), 127.59 (s),
29.41 (brs). >'P{'"H} NMR (125.78 MHz, CDsCN): & 45.45 (br s, WPy), —144.02 (sep, PFo).
J'P{'H} NMR (125.78 MHz, CD,CL,): & 46.35 (br s, WPy), —147.30 (sep, PFs). Anal. Calc.
(found) for CsoHs4CIF¢PsW: C 56.64 (56.45); H 4.35 (4.57). ' Datum measured for *C-labeled
[W(CPh)(H)(dppe)>C1][PFe].

PC.H,
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CHDCI,
p-WCC H,
m-WCC,H,
: o-WCC H,
i Jl PCH,CH,P
! W-H
4\ m W | i S\
| 1 195 K
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Figure S1. '"H NMR spectra of [1H][PFs] in CD,Cl, at 295 and 195 K.
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Figure S2. "H NMR W-H resonance of [1H][PFs] in CD,Cl, at 295 K and 195 K.
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Figure S3.°'P{'H} NMR spectra of [1H][PFs] in CD,Cl, at 295 K and 195 K.
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Figure S4.°'P{'H} NMR spectrum of [1H][PF4] in CD,Cl, at 195 K.

Thermal stability of [1H][PF¢] in CD,Cl, at 25 °C and 60 °C. A sealed NMR sample
of [1H][PF¢] in CD,Cl, was warmed in an oil bath at 60 °C. The reaction was monitored
periodically by 'H and *'P NMR spectroscopy. The first evidence of signals due to
decomposition of [1H][PFe] to unidentified products was observed after 10 d. At the end of 4
weeks [1H][PF¢] still represented > 50% of the total 'H- and *'P-NMR intensity, and the
experiment was discontinued. A similar NMR sample of [1H][PFs] at room temperature showed
no evidence of decomposition over 4 weeks.

Reaction between 1[{OT{] and H,. A Fisher-Porter bottle containing a solution of
1[{OTH] (0.100 g, 0.08 mmol) in CH,Cl, (60 mL) was evacuated and charged with H; (44 psi).
The reaction mixture was stirred vigorously at room temperature for one week. During this time
the color of the reaction mixture changed from orange to brown. Removal of the volatile
components under vacuum yielded an off-white solid (ca. 0.08 g). This was extracted with
toluene, in which [1H][OT{] is insoluble, and the remaining solid was collected by filtration and
dried under vacuum. 'H and *'P NMR spectra of this product (Figures S5 and S6) showed it to be
>90% [1H][OTf] (0.038 g, 38% yield).
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Figure S5. '"H NMR spectrum (CD,Cl,) of the toluene-insoluble fraction of the product of the
reaction between 1[OTf] and H, (44 psi) in CH,Cl, at 25 °C. The resonances due to the 1H"
product are labeled with a P; solvent resonances (toluene, CHDCI,) are labeled with an S.

Resonances denoted with asterisks are due to unidentified reaction side products.
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Figure S6. >'P NMR spectrum (CD,Cl,) of the toluene-insoluble fraction of the product of the
reaction between 1[OTf] and H; (44 psi) in CH,Cl, at 25 °C. The resonance due to 1H" is

indicated. Resonances denoted with asterisks are due to unidentified reaction side products.
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B. Single Crystal X-ray Diffraction Structural Determination of [1H][PFg].

Procedures. An irregular broken fragment (0.20 x 0.10 x 0.10 mm) was selected under a
stereo-microscope while immersed in Fluorolube oil to avoid possible reaction with air. The
crystal was removed from the oil using a tapered glass fiber that also served to hold the crystal
for data collection. The crystal was mounted and centered on a Bruker SMART APEX system at
100 K. Rotation and still images showed the diffractions to be sharp. Frames separated in
reciprocal space were obtained and provided an orientation matrix and initial cell parameters.
Final cell parameters were obtained from the full data set.

A “full sphere” data set was obtained that samples approximately all of reciprocal space
to a resolution of 0.75 A using 0.3° steps in » with 15 second integration times for each frame.
Data collection was made at 100 K. Integration of intensities and refinement of cell parameters
were done using SAINT.” Absorption corrections were applied using SADABS’ based on
redundant diffractions.

The space group was determined as P1(bar) based on systematic absences and intensity
statistics. Patterson methods were used to locate the W and P atoms. Repeated difference Fourier
maps allowed recognition of all expected C, Cl and F atoms. Following anisotropic refinement of
all non-hydrogen atoms, ideal H atom positions were calculated. Final refinement was
anisotropic for W, P, Cl, C and F atoms and isotropic-riding for H atoms. No anomalous bond
lengths or thermal parameters were noted. The C;Hj solvent and PF are slightly disordered
based on larger thermal ellipsoids. While NMR spectroscopy has confirmed that there is a H
atom bonded to W, the residual electron density mainly associated with this heavy atom
precludes confirmation of the presence or position of this H atom. ORTEP representations are

shown in Figures S7-S10. Crystallographic data are set out in Tables S1 and S2.

Equations of interest:

(1) Rint = Z|F,” — <F,>| / Z[F,| (2) R1 =3|[Fo| — [Fe|| / Z[F,|

(3) wR2 = [Z[w(F,"~F)']/ Z[w (F)']"* (4) GooF =S = [S[w(F,'~F:)’] / (n—p)'”
where: w = q /6°(E,’) + (aP)* + bP; n = number of independent reflections;

g, a, b, P as defined in ref. ’, p = number of parameters refined.
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Figure S7. ORTEP representation (50% probability ellipsoids) of [1H][PFs]*C;Hg. Hydrogen
atoms are omitted for clarity.
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Figure S8. ORTEP representation (50% probability ellipsoids) of 1H" ion of [1H][PF¢]*C;Hs.

Hydrogen atoms are omitted for clarity.
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Figure S9. ORTEP representation (50% probability ellipsoids) of 1H" ion of [1H][PF¢]*C;Hs.
Hydrogen atoms are omitted for clarity.
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Figure S10. ORTEP representation (50% probability ellipsoids) of unit cell of [1H][PF¢]*C;Hs.
Hydrogen atoms are omitted for clarity.
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Table S1. Crystal and Structure Refinement Data for [1H][PF¢]*C;Hs.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space Group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size, color, habit
Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Reflections with I > 40(F,)
Absorption correction

Max. and min. transmission
Refinement method

Weighting scheme

Data / restraints / parameters
Goodness-of-fit on F*

Final R indices [I > 2 sigma(I)]
R indices (all data)

Largest diff. peak and hole

CsoHs;CIP4W + PF¢ + C7Hg

1342.30

100 K

0.71073 A

Triclinic

P1(bar)

a=11.066(3) A a=78.017(4)
b=122173) A B=179.887(4)
c=22.205(6) A y=280.575(4)°
2865.5(14) A®

2

1.556 Mg/m’

2.264 mm’'

1354

0.20 x 0.10 x 0.10 mm, orange, fragment
1.72 -28.31°
~-14=<h<14,-15<k=<15-28<1=<29
33,829

13,542 (Rine = 0.0298)

11,867

SADABS based on redundant diffractions
1.0, 0.852

Full-matrix least squares on F*

w = q [0® (F,) + (aP)> + bP]" where:

P =(F,"+2F:)/3,a=0.0391,b=0.0, q =1
13542/0/713

1.018

R1=0.0357, wR2 =0.0784
R1=0.0426, wR2 = 0.0806
2.198,-0.799 e A~
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Table S2. Bond Lengths (A) and Angles (deg) for [IH][PF4]*C;Hs.
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C. Density Functional Theory Calculation on 1H".

Methodology. A density functional theory (DFT) calculation of the geometry of 1H" in
the gas phase was performed using Gaussian 09.° The calculation employed the B3P86
functional,”® which has been benchmarked as providing accurate geometries for tungsten—
alkylidyne complexes™ and third-row transition-metal compounds.'® The LANL2DZ basis and
effective core potential'' was used for tungsten, and the 6-31G* basis set'>'* was used for other
atoms. The geometry was optimized without symmetry constraints. A subsequent vibrational
analysis demonstrated the absence of imaginary frequencies. The calculated structure and
selected bond distances and angles are reported in Figure S11, and the Cartesian coordinates of

the optimized structure are set out in Table S3.

Figure S11. Calculated (DFT) gas-phase structure of the 1H" ion. Selected bond distances (A)
and angles (deg): W—C(1) 1.812, W-H 1.722, W—C1 2.560, W-P(1) 2.628, W-P(2) 2.549, W—
P(3) 2.531, W-P(4) 2.601, P(2)-W-P(3) 117.92, P(1)-W-P(4) 88.58, P(1)-W-P(2) 76.29, P(3)—
W-P(4) 77.41, C(1)-W-P(1) 100.91, C(1)-W-P(2) 94.17, C(1)-W-P(3) 91.93, C(1)-W-P(4)
85.99.
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Table S3. Cartesian Coordinates (A) of DFT Optimized Geometry of 1H".
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