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ABSTRACT: Reaction of the aryltin(I) hydride {Ar™™Sn(u-
H)}, (Ar*® = —C¢H;-2,6-(C4H,-2,4,6-Pr;),) with two equivalents
of the tungsten carbonyl THF complex, [W(CO)(THF)],
afforded the divalent tin hydride transition metal complex,
W(CO)i{Sn(Ar**)H}, (1). Complex 1 reacted rapidly with
ethylene, or propylene under ambient conditions to yield the
corresponding hydrostannylated organometallic species, W-
(CO){Sn(Ar")(Et)} (2), or W(CO){Sn(Ar"®)("Pr)} (3), via
olefin insertion into the Sn—H bond. Treatment of 1 with the
Lewis base dbu (dbu = 1,8-diazabicycloundec-7-ene) afforded the
Lewis acid—base complex, W(CO){Sn(Ar"®)(dbu)H} (4),
indicating that the Lewis acidity of the tin atom is preserved in
4. The complexes were characterized by X-ray crystallography, and

Hydrostannylation of Olefins

by UV—visible, FT-IR, and multinuclear NMR spectroscopies. DFT calculations suggest hydrostannylation of ethylene with 1
proceeds via coordination of ethylene to the tin atom, then insertion into the Sn—H bond. Further computational study on the
reactivity of 1 toward Ph;SiH indicated that the rate-determining step involves the metathesis reaction of a Sn—C/Si—H bond with a
very high energy barrier of 71.3 kcal/mol. The calculated proton abstraction product of 1 with dbu, [W(CO){Sn(Ar")}]*[H-
(dbu)]~, is 18.2 kcal/mol less stable than the observed coordination product 4.

B INTRODUCTION

Divalent tin(1I) hydrides have attracted increasing interest due
to their potential catalytic applications in the hydrogenation of
unsaturated molecules.'™ In 2000, the first stable tin(II)
hydride, {Ar"Sn(u-H)}, (Ar*® = —C4H;-2,6-(C4H,-
2,4,6-"Pr3),) was reported.'’ This featured a dimeric hydrogen
bridged structure. Shortly thereafter, Roesky and co-workers
reported the monomeric tin(II) hydrides [{HC(CMeNAr),}-
SnH]"' and [{ArN=C(Me)],C¢H;SnH]"* (Ar = 2,6
iPr,C¢H;), which featured terminal Sn—H bonds. Wesemann
and co-workers have isolated several three-coordinate mono-
meric tin(II) hydrides with base-stabilization via reactions of
tetravalent organotin trihydrides with Lewis bases."”™"°
Although numerous transition metal-complexed stannylene'®
compounds and their multiply bonded analogues'’~™"" have
been reported since the early 1970s, transition metal
complexes of hydridostannylenes remain scarce.”’~** Success-
ful synthetic routes to transition metal-complexed hydridos-
tannylenes include H/Cl exchange as exemplified by the
“push—pull” complex, IPr-SnH,-W(CO);, of Rivard and
coworkers.”” Similar “push—pull” complexes were also
reported by Jambor and coworkers with the use of intra-
molecular base-stabilization.”* In addition, hydrogen elimi-
nation reactions have also been shown to be yield transition
metal-stabilized hydridostannylenes, [Cp,Zr{Sn(H)Ar}],.*>*
In 2021, this group showed that the THF donor ligand in
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[Mo(CO)THF] could be displaced by a hydridostannylene,
[Ar*SnH], to give Mo(CO) {Sn(Ar"*)H}.*>” This complex
was then shown to effect facile hydrostannylation of CO,, and
catalytic hydroboration of CO, was achieved with pinacolbor-
ane. These results were in contrast to the lack of catalytic
activity for CO, reduction by the parent tin hydride,
{Ar™Sn(u-H)}L, ™

The reactivity of {Ar™Sn(u-H)}, and {Ar™™Sn(u-H)},
toward olefins has also been investigated, and both {Ar"*Sn-
(u-H)}, and {Ar™Sn(u-H)}, were shown to effect facile
hydrostannylation of ethylene at room temperature, where the
steric properties of the ligands resulted in slightly different
reactivity.””>° Moreover, it was also discovered that the
aryltin(II) hydride {Ar™*Sn(u-H)}, can exist in equilibrium
with H, and the distannyne, Ar"™*SnSnAr”™*.** Notably,
reversible reactions of ethylene with the distannynes were
also reported, where cycloadducts Ar*™*Sn(CH,CH,),SnAr"™
and Ar"®Sn(CH,CH,),SnAr™® were isolated.”” Jones and
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coworkers reported hydrostannylation reactions of [LSn(u-
H)], (L = —N(Ar)(SiPri3) Ar = C¢H,{C(H)Ph,},Pr'-2,6,4)
with a variety of alkenes, where the hydrostannylated products
suggest equilibrium between the dimer, [LSn(y-H)],, and
monomer LSnH.>' However, no catalytic cycle has been
achieved in the olefin hydrogenation using tin hydrides despite
of the facile reactivity in hydrostannylation of olefins, whereas
hydrosilylation reactions of olefins have been reported with
silylene supported transition metal complexes.****

Herein, we report the reactions of {Ar"™®Sn(u-H)}, with
[W(CO)s(THF)], to give W(CO){Sn(Ar**)H}, (1). Hydro-
stannylation by 1 of ethylene, or propylene resulted in the
formation of W(CO){Sn(Ar"™™)(Et)}, (2), or W(CO)<{Sn-
(Ar*®)("Pr)}, (3) (Scheme 1). The Lewis acidic nature of the

Scheme 1. Syntheses of 1-3

W(CO)s{Sn(Ar**)H}
{AfPSSn(D}, + [WCONTHP)] —o ( )5{(1;‘( i
THF
E W(CO)s{Sn(Ar*®)(Et)}
t,0
W(CO)s{Sn(Ar?%)H} (1) + RCH=CH, ~ 2)

R=H, CH, W(CO)s{S(nS()Af"’G)("Pr)}

(ArPS = -CH;-2,6-(CeHy-2,4,6-Pr3),)

Sn atom in 1 was demonstrated by the formation and isolation
of the Lewis acid—base complex [(Ar™®)(H)Sn(dbu)-W-
(CO)s], (4), which resulted from the reaction of 1 and the
weakly-nucleophilic base,”* 1,8-diazabicycloundec-7-ene (dbu)
(Scheme 2). The catalytic potential of 1 toward ethylene

Scheme 2. Synthesis of 4

W(CO) (Sn(Ar™$)H]} (1) + 1,8-Diazabicycloundec-7-ene X415, W(COn{Ar:msmdbu)m
(dbw) @

hydrosilylation was also investigated by reacting 2 with PhSiH;
in C¢Dg, where limited conversion of 2 to 1 was observed.
DFT calculation suggests that the hydrostannylation reactions
proceed via olefin insertion into the Sn—H bond by
coordination of olefins at the tin atom. The limited conversion
in reaction of 2 with PhSiH; in C4Dy can be accounted for in
terms of the rate-determining step in the metathesis reaction
between Sn—C/Si—H bond having a very high energy barrier
of 71.3 kcal/mol.

B EXPERIMENTAL SECTION

General Considerations. All operations were carried out by
using modified Schlenk techniques or in a Vacuum Atmospheres
OMNI-Lab drybox under an atmosphere of dry argon or nitrogen. All
solvents were dried over alumina columns and degassed prior to use.”®
The metal carbonyls were used as purchased without further
purification. 'H, C{'H}, ¥Si{'H}, and ""Sn{'H} NMR spectra
were collected on a Bruker 400 MHz Nanobay Avance III HD
spectrometer. The '"*Sn NMR data were referenced to the external
standard SnMe,. UV—visible spectra were recorded in dilute hexane
solutions in 3.5 mL quartz cuvettes using an Olis 17 Modernized Cary
14 UV—Vis/NIR spectrophotometer. Infrared spectra were collected
on a Bruker Tensor 27 ATR-FTIR spectrometer. {Ar"Sn(u-H)},"°
and [W(CO)(THF)]* were synthesized by the literature methods.
All synthesized compounds hydrolyzed rapidly in air, and therefore no
elemental analysis was carried out.

Syntheses. W(CO)s{Sn(Arf"®)H} (1). A solution of [W-
(CO)s(THF)] (1.40 mmol, from 0.352 g W(CO),) in THF (ca.
40 mL) was added to a heavy-walled Teflon tapped Schlenk flask
along with {Ar™™*SnH}, (0.705 g, 0.586 mmol) in THF (ca. 30 mL).

Upon addition of [W(CO);(THF)], the color of the solution
changed from blue to green, and then to a yellow orange color after
heating at S0 °C for 1 day, after which the reaction mixture was
heated for 2 additional days. The solution was then cooled to room
temperature; the solvent was removed under reduced pressure, and
the residue was extracted with ca. 50 mL of hexanes and filtered.
Storage of the solution in a ca. —30 °C freezer for 2 weeks afforded
crystals as pale yellow blocks that proved suitable for single crystal X-
ray studies. Yield: 75.3% (0.817 g, 0.882 mmol). '"H NMR (C¢Ds,
399.8 MHz, 298 K): § 1.06 (d, 12 H, Jgy = 6.7 Hz, 0-CH(CH,),),
1.22 (d, 12 H, Jyy = 7.2 Hz, 0-CH(CH,;),), 1.40 (d, 12 H, Jyy = 7.0
Hz, p-CH(CH,;),), 2.77 (sept., 2 H, Juy = 6.8 Hz, p-CH(CH,;),), 3.09
(sept., 4 H, Juy = 6.9 Hz, 0-CH(CH,),), 7.19 (s, 4 H, m-C¢H,), 7.28
(s, 3 H, m-C¢Hs and p-C¢H,), 18.62 (s, 1 H, Jyy_yy = 19 Hz, Jg,_yy =
754 Hz, Sn—H); BC{'H} NMR (C¢D, 100.5 MHz, 298 K): § 23.39,
23.97, 26.28, 31.15, 34.76, 122.66, 128.83, 129.99, 133.61, 145.21,
150.72, 161.20, 196.80 (Jyw_c = 121 Hz), 201.28; Sn{’'H} NMR
(CeDg, 149.3 MHz, 298 K): 5 1159 (d, Jso_w = 674 Hz). A, (€): 397
nm (5.5 X 10° L mol™ em™). IR (v, cm™): 2066 (m), 1915 (vs),
1757 (w).

W(CO)s{Sn(Ar"®)(Et)} (2). A solution of 1 (0.381 g, 0.410 mmol) in
Et,0 (ca. 40 mL) was added to a heavy-walled Teflon tapped Schlenk
flask. The flask was frozen by immersion in liquid nitrogen, evacuated
under reduced pressure, and refilled with ethylene at room
temperature, whereupon the reaction was stirred at room temperature
for additional 15 min. The solvent was concentrated under reduced
pressure to ca. 5 mL. Storage of the solution in a ca. —30 °C freezer
for 1 week afforded yellow-orange blocks that were suitable for single
crystal X-ray diffraction studies. Yield: 27.2% (0.107 g, 0.111 mmol).
'H NMR (C¢D, 399.8 MHz, 298 K): 5 0.89—1.09 (m, 5 H, Sn—
CH,CH,, 1.06 (d, 12 H, Juy = 6.7 Hz, o-CH(CH,),), 1.21 (d, 12 H,
Jau = 6.3 Hz, 0-CH(CH,),), 1.37 (d, 12 H, Jgyq = 6.3 Hz, p-
CH(CH,;),), 2.76 (sept., 2 H, Jyy = 7.0 Hz, p-CH(CH;),), 3.11 (br, 4
H, 0-CH(CHS,),), 7.19 (s, 4 H, m-C¢H,), 7.28—7.33 (m, 3 H, m-CH,
and p-C¢H;); “C{'H} NMR (C¢D,, 100.5 MHz, 298 K): & 8.66,
22.73, 23.93, 26.89, 30.98, 34.80, 40.49, 122.45, 128.41, 131.05,
135.48, 144.56, 147.13, 150.29, 165.41, 197.82, 201.47; '’Sn{'H}
NMR (C¢Ds, 149.3 MHz, 298 K): § 1455. A, (e): 311 nm
(shoulder, 4.6 X 10° L mol™ cm™), 394 nm (4.4 X 10° L mol™*
em™). IR (v, em™): 2059 (m), 1920 (vs).

W(CO)s{Sn(AFP8)("Pr)} (3). A procedure similar to that used for the
preparation of 2 was carried out using propylene, and 0.269 g and
0.291 mmol of 1. Storage of the solution in a ca. =30 °C freezer for 1
week afforded yellow needle crystals. Yield: 30.2% (0.085 g, 0.088
mmol). "H NMR (C,D,, 399.8 MHz, 298 K): & 0.80—0.91 (m, 2 H,
Sn—CH,CH,CHj,), 0.99 (t, 2 H, Jyy = 7.1 Hz, Sn—CH,CH,CH,),
1.07 (d, 12 H, Jyy = 6.7 Hz, 0-CH(CH,;),), 1.22 (d, 12 H, Jyy = 7.1
Hz, 0-CH(CHS,),), 1.23—129 (m, 3 H, Sn—CH,CH,CH,), 1.39 (d,
12 H, Juy = 6.7 Hz, p-CH(CH,),), 2.77 (sept., 2 H, Jyy = 7.1 Hz, p-
CH(CH,;),), 3.13 (br, 4 H, 0-CH(CH,),), 7.19 (s, 4 H, m-C{H,),
7.24-7.34 (m, 3 H, m-C¢H; and p-C¢H,); “C{'H} NMR (CyDs,
100.5 MHz, 298 K): & 18.75, 19.04, 22.75, 23.96, 26.92, 30.93, 34.80,
51.13, 122.45, 128.41, 131.05, 135.68, 144.64, 147.09, 150.27, 165.32,
197.96 (Jw_c = 121 Hz), 201.54; "“Sn{'"H} NMR (C(D, 149.3
MHz, 298 K): § 1443. A, (¢): 307 nm (shoulder, 6.5 X 10> L mol™*
cm™), 394 nm (6.3 X 10° L mol™ cm™). IR (z, cm™): 2059 (m),
1920 (vs).

W(CO)5[Sn(ArjP’6)(dbu)H} (4). To a Schlenk flask charged with 1
(0.259 g, 0.280 mmol) and dbu (44 uL, 0.295 mmol), ca. SO mL of
hexanes were added. Upon addition of solvent, the color of the
solution lightened from yellow-orange to pale yellow. Then, the
solution was stirred overnight and concentrated under reduced
pressure to ca. 10 mL. Storage of the solution in a ca. —30 °C freezer
for 2 weeks afforded colorless blocks that were suitable for single
crystal X-ray studies. Yield: 46.4% (0.141 g, 0.130 mmol). '"H NMR
(C¢Dg, 399.8 MHz, 298 K): § 0.70—0.99 (m, 4 H, dbu), 1.15 (d, 12
H, Jun = 6.7 Hz, 0-CH(CHS,),), 1.19-1.24 (m, 3 H, dbu), 1.29 (d, 12
H, Juu = 6.7 Hz, 0-CH(CHs;),), 1.33 (d, 6 H, Jyyq = 6.6 Hz, p-
CH(CHj;),), 1.38—1.54 (m, 2 H, dbu), 1.59 (d, 6 H, Jyy = 6.7 Hz, p-
CH(CH,;),), 1.99-2.14 (m, 2 H, dbu), 2.23—-2.38 (m, 2 H, dbu),
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2.63—2.76 (m, 1 H, dbu), 2.89 (sept., 2 H, Jyy = 6.9 Hz, 0-CH(CH,),
and 1 H, dbu), 2.97 (sept., 2 H, Jyy = 6.6 Hz, 0-CH(CH,),), 3.02—
3.12 (m, 1 H, dbu), 3.32 (sept.,, 2 H, Jyy = 6.6 Hz, p-CH(CHj,),),
7.08—7.14 (m, 3 H, m-C¢H, and p-C¢Hj), 7.20 (s, 2 H, m-C¢H,), 7.26
(s, 2 H, m-C¢H,), 10.12 (s, 1 H, Jyy_y = 19 Hz, J'Y, 1y = 1093 Hg,
TV = 1045 Hz, Jiv_y = 12 Hz, Sn—H); *C{"H} NMR (C¢Dq,
100.5 MHz, 298 K): 6 23.47, 23.61, 23.84, 24.31, 24.60, 26.01, 26.31,
26.58, 30.98, 31.42, 34.98, 48.44, 53.10, 121.46, 126.20, 131.86,
140.11, 146.99, 147.63, 148.67, 150.3S5, 167.51, 201.95, 202.77;
1960 {'H} NMR (C¢D¢, 149.3 MHz, 298 K): § not detected. A, (&):
357 nm (shoulder, 2.4 x 10° L mol™* cm™). IR (, cm™): 2050 (m),
1963 (m), 1916 (s), 1887 (vs), 1793 (w), 1575 (m).

Catalytic Studies. To a J. Young’s tube containing ca. 0.02 g of 2,
was added 0.6 mL of C4Dg, then an excess amount of PhSiH; was
added to the tube. The reactions were monitored by 'H, and *Si
NMR spectroscopies, and 'H and 2°Si NMR spectra were recorded
after a brief sonication of the mixture. Additional "H NMR spectra of
the mixture of 2 and PhSiH; in C¢D¢ were taken 12, 24, and 72 h after
mixing in glove box, separately. No color change was observed upon
addition of PhSiHj; to the C4Dy solution of 2; however, a minor color
change from bright yellow to yellow-orange was observed upon
heating mixture solution at ca. 65 °C after ca. 60 h (see SI).

B RESULTS AND DISCUSSION

Syntheses. Compound 1 was synthesized by a similar
procedure to that described in a previous publication;”” it was
obtained by gentlg heating 1 equivalent of THF solution of
{Ar™Sn(u-H)},"" with 2 equivalents of [W(CO)(THF)],*
and isolated with good yield, 75.3%. (Scheme 1) Alternatively,
Jambor and coworkers demonstrated that transition metal
complexed hydridostannylene can be synthesized via halide
elimination reaction of L*(Cl)Sn-W(CO), (L? = 2-Et,NCH,-
4,6-tBu,-C4H,) with KEt;BH.”* However, this synthetic route
is inapplicable for terphenyl ligand supported species as shown
previously. The oxidative addition of organolead(II) bromide
with [W(CO);THF] forms a bridged plumbylyne complex
instead of formation of a plumbylene coordination transition
metal complex.”” Wesemann and coworkers have also
successfully isolated transition metal complexed hydridostan-
nylene via different synthetic routes, such as H, elimination
from a organotin trihydride,” or reaction of a low valent aryl
tin cation with transition metal hydrides.”® For the synthesis of
2 and 3 (Scheme 1), a solution of 1 in Et,O was frozen, and
the flask was evacuated under reduced pressure. The reaction
flask was then allowed to warm to room temperature, and
refilled with ethylene, or propylene, whereupon the color of the
solution changed from yellow-orange to bright yellow. Stirring
of the resultant solution for 30 min afforded a quantitative
conversion based on the 'H NMR spectrum of the crude
solution mixture. Concentration of the solution, followed by
storage in a ca. —30 °C freezer for 1 week, afforded yellow
crystals of 2 or 3 in moderate yield. Jones and coworkers have
also reported the facile hydrostannylation reactions of
unactivated alkenes with [LSn(u-H)], (L = N(Ar)(SiPr}),
Ar = CgH,{C(H)Ph,},Pr'-2,6,4) at low temperature (ca. —80
°C) due to the mild thermal instability of the tin hydride
species at room temperature, nevertheless these products were
isolated with good yields.”®> Wesemann and co-workers
reported hydrostannylation of styrene at slightly elevated
temperature (ca. 75 °C) with [Cp,W(H)=SnHAr"*]* to
afford [Cp,W(H)]Sn(CH,CH,Ph)Ar™™]* possibly due to the
increased steric bulk from the phenyl group of styrene.”®

Initial attempts to add dbu, a known weakly nucleophilic
base,” to a solution of 1 was for the purpose of pK,
determination of the complex reported in previous work of

this group.”” However, the '"H NMR spectrum of the crude
product showed quantitative coordination reaction rather than
a Bronsted—Lowry acid—base reaction between the tin hydride
species and dbu. Compound 4 was synthesized by addition of
slight excess of dbu (1.05 equivalents) into a solution of 1 in
hexanes at room temperature. The mixture was stirred
overnight, whereupon the color of the solution changed from
yellow-orange to very pale yellow. Concentration of the
resultant solution followed by storage in a ca. —30 °C freezer
for 2 weeks afforded colorless crystals of 4 in moderate yield.

Structures. The molecular structures of 1, 2, and 4 are
shown in Figures 1, 2, and 3, respectively.

Figure 1. Solid-state molecular structure of 1 (hydrogen atoms,
except for tin bound HI, and ligand disorder are not shown for
clarity). Thermal ellipsoids are shown at 30% probability. Selected
bond lengths (A) and angles (degrees): Sn(1)—C(1) 2.1518(19),
Sn(1)-W(1) 2.7150(2), Sn(1)—H(1) 2.06(3), W(1)—C(37)
2.051(2), W(1)—C(38) 2.049(2), W(1)—C(39) 2.047(2), W(1)—
C(40) 2.041(2), W(1)—C(41) 2.006(2), C(37)—0(37) 1.138(3),
C(38)—0(38) 1.136(3), C(39)—0(39) 1.140(3), C(40)—0(40)
1.143(3), C(41)—0(41) 1.137(3); C(1)—Sn(1)—W(1) 141.34 (S),
C(1)=Sn(1)—H(1) 107.9(7), W(1)=Sn(1)—H(1) 110.7(7).

The molecular structure of 1 shows that the tin atom is
three-coordinate and is bound to the Ar™™ ligand via C(1), a
hydrogen atom, and a [W(CO);] fragment. Compound 1
displays similar structural features to those of Mo(CO){Sn-
(Ar™®)H}*” reported earlier by this group, where the
hydridostannylene, [Ar*"SnH], forms Lewis acid—base
complex with [W(CO);] to afford almost planar coordination
geometry at the tin atom, and distorted octahedral geometry at
the tungsten atom, respectively. The sum of C(1)—Sn(1)—
W(1), C(1)=Sn(1)—H(1), and W(1)—Sn(1)—H(1) angles
around tin in complex 1 is 359.9(7)°. The almost planar
coordination geometry at Sn that is imposed by the ligands
agrees with the presence of a vacant p orbital oriented
perpendicular to the coordination plane in the structure of 1,
which can be further demonstrated in the DFT calculations of
optimized structure of 1 in gas phase (see ESI). In the
structure of 1, the C(1)—Sn(1)—H(1) unit is almost coplanar
with that of tungsten and the three carbonyl groups of C(38),
C(40), and C(41). The Sn(1)—W(1)—C(41) array is almost
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Figure 2. Solid-state molecular structure of 2 (hydrogen atoms and
ligand disorder are not shown for clarity). Thermal ellipsoids are
shown at 30% probability. Selected bond lengths (A) and angles
(degrees): Sn(1)—C(1) 2.166(3), Sn(1)—W(1) 2.7286(3), Sn(1)—
C(24) 2.180(6), W(1)—C(20) 2.007(4), W(1)—C(21) 2.042(3),
W(1)—C(22) 2.061(S), W(1)—C(23) 2.023(5), C(20)—0(20)
1.146(5), C(21)—0(21) 1.143(4), C(22)-0(22) 1.131(5),
C(23)—0(23) 1.145(5), C(24)—C(25) 1.42(2), C(1)-Sn(1)—
W(1) 135.13(8), C(1)—Sn(1)—C(24) 105.68(19), W(1)—Sn(1)—
C(24) 118.68(18).

041

Figure 3. Solid-state molecular structure of 4 (Ar™™ substituent is
shown as wireframe, and hydrogen atoms except for the tin bound
H1, and ligand disorder are not shown for clarity). Thermal ellipsoids
are shown at 30% probability. Selected bond lengths (A) and angles
(degrees): Sn(1)—C(1) 2.2031(18), Sn(1)-N(1) 2.2261(16),
Sn(1)-wW(1) 2.8063(2), Sn(1)—H(1) 1.68(3), W(1)—C(37)
2.046(2), W(1)—C(38) 2.023(3), W(1)—C(39) 2.024(2), W(1)—
C(40) 2.043(2), W(1)—C(41) 1.983(2), C(37)—0(37) 1.142(3),
C(38)—0(38) 1.147(3), C(39)-0(39) 1.148(3), C(40)—0(40)
1.141(3), C(41)—0(41) 1.155(3); C(1)—Sn(1)-W(1) 131.31(5),
C(1)-Sn(1)-H(1) 101.6(9), C(1)-Sn(1)-N(1) 105.21(7),
W(1)=Sn(1)-H(1) 111.7(9).

linear (176.23(7)°). The coordination reaction of dbu with
compound 1 affords compound 4. The molecular structure of
4 features Lewis acid—base complex with a four-coordinate tin
atom to which dbu is also coordinated. This structure of 4

represents the first structurally characterized Sn—dbu coordi-
nation species. The Lewis acid—base reaction is likely to
proceed via coordination of dbu to the vacant p orbital at the
tin atom, located perpendicular to the tin coordination plane in
the structure of 1. However, the Sn(1)—N(1) bond vector in
the structure of 4 is not perpendicular to the coordination
plane, as shown by the bond angles of N(1)—Sn(1)—H(1),
96.5(9)°% N(1)-Sn(1)—C(1), 105.21(7)°; and N(1)—Sn(1)—
W(1), 105.12(5)°. The sum of the angles at tin associated with
the hydride and terphenyl ligand in 4, C(1)—Sn(1)—H(1),
C(1)-Sn(1)-W(1), and W(1)-Sn(1)—H(1), is 344.6(9)°.
The Sn(1)—N(1) distance is 2.2261(16) A in 4, which is
slightly longer than the sum of covalent radii of Sn (1.40 A)
and N (0.71 A).*” The Sn(1)—N(1) distance in 4 is in close
agreement with that in the four-coordinate transition metal
complexed hydridostannylene, (Sn—N 2.292(3) A) in
L*(H)Sn-W(CO); (L* = 2-Et,NCH,-4,6-tBu,-C4H,), which
was reported by Jambor and co-workers.”* The Sn(1)—N(1)
distance in 4 is also similar to [{HC(CMeNAr),}SnH] (Ar =
2,6-iPr,C¢H,), reported by Roesky and co-workers.'' In
comparison to Sn—N distances of bis(amido)stannylene,
such as Sn{N(SiMe;),},"" and of N-heterocyclic stanny-
lenes,*"** 4 displays a longer Sn—N distance likely due to the
dative N — Sn bond coordination. Other examples of Sn—N
dative bond coordination include [2,6-(Me,-
NCH,),C¢H,(Cl)SnW(CO);], reported by Jurkschat and co-
workers, with Sn—N distances of 2.543(3) and 2.5526(3) A,
and shortening to 2.264(2) A upon displacing chloride with
aqua-coordination in [2,6-(Me,-NCH,),C4H;(H,0)SnW-
(CO)s]J*[CB H},]™.*" The positions of the hydrogen atoms
bound to the tin atoms in both 1 and 4 were located in the
Fourier difference map and refined isotropically. The Sn—H
distance is 2.09 A in 1, may be compared to the Sn—H distance
1.93(2) A in the previously reported Mo(CO)s{Sn(Ar"™)-
H}.”” The Sn—H distance is 1.68(3) A in 4, which is similar to
the Sn—H, 1.82(6) A, in Mo(CO){Sn(Ar™*)(THF)H}.”’
These values may be compared to that of the terminal Sn—H
bond, 1.74(3) A in [{HC(CMeNAr),}SnH]"" reported by
Roesky and co-workers, 1.797(2) A in L*(Cl)Sn-W(CO)¢**
reported by Jambor and co-workers, 1.81(11) A in IPr-SnH,
W(CO);** reported by Rivard and co-workers, and Sn—H
bonds in Cp,M(Ar*®SnH), (M = Ti, Zr, and Hf)*° complexes
reported by Wesemann and co-workers, which range from
1.69(2) to 1.776(18) A.

Insertion of ethylene, or propylene, into the Sn—H bond in
1 yielded compound 2 or 3, respectively. The molecular
structure of 2 shows little variation from the structure of 1, as
the tin atom in 2 remains three-coordinate. The Sn—C(alkyl)
distance in 2 is 2.180(6) A. This distance is comparable to the
literature Sn-alkyl distances which range from 2.145(7) to
2.187(8) A.*”*® The sum of the angles around tin is 359.5(2)°.
The structure of 2 also displays coplanar coordination to the
metal carbonyl fragment, where the C(1)—Sn(1)-alkyl unit is
almost coplanar with that of tungsten and the three carbonyl
groups. The Sn(1)—W(1) bond is almost co-linear with the
carbonyl group C(20)—O(20) in trans position to the
stannylene, 178.07(12)°.

In the structures of 1, 2, and 4, the average W—CO bond
lengths of four carbonyls that are in cis positions relative to the
stannylene ligand are slightly longer than those of the trans-
positioned carbonyl group, suggesting a stronger a-back-
bonding for the trans W—CO bond. However, in the structure
of 4, the average bond length of W—CO for the four carbonyls
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that are in cis positions to the stannylene are slightly shortened
to 2.034(3) A, and the trans W—CO bond is shortened to
1.983(2) A when compared to trans W—CO bonds in 1 and 2.
In turn, these bonds are comparable to the trans W—CO bond
shortening with THF coordination in Mo(CO)<{Sn(Ar"*™)-
(THF)H}.”” This is likely a result of the increased electron
density at tungsten due to the coordination of dbu and
disrupting of z-backbonding between the hydridostannylene
and W(CO)j;, and therefore stronger z-backbonding between
the tungsten atom and the trans carbonyl group. The Sn—W
distances for 1, 2, and 4 range from 2.7150(2) to 2.8063(2) A.
These values are in close agreement with the sum of the
covalent radii of Sn (1.40 A) and W (1.37 A).*” The Sn—W
distances are comparable to the reported singly bonded
stannylene—W(CO); complexes.”***~*" The Sn=W double
bond in [Cp,W(H)=SnHAr"]* was reported to be
2.6221(2) A by Wesemann and co-workers,” in comparison
to the Sn—W triple bonds*® in stannylyne complexes, such as
trans-[Cl(dppe),W=Sn—C4¢H;-2,6-Mes,]| and [(dppe),W=
Sn—CgH;-2,6-Mes, |*[PF¢]~ (dppe = Ph,PCH,CH,PPh,, Mes
= Cg¢H,-2,4,6-Me;) that were reported by Filippou and co-
workers.'”'® Nonetheless, the Sn—W distances reported here
are shorter than those of metallostannylene complexes of
tungsten such as [Cp*(CO);W—SnCl(Idipp)]* (2.9514(4)
A) (1dipp = C[N(C¢H;-2,6-Pr,)CH],) reported by Filippou
and coworkers, or ArM**Sn—WCp(CO); (2.9107(10) A)
(A™M6 = —C¢H;-2,6-(C¢H,-2,4,6-Me;),) and Ar*Sn—WCp-
(CO); (2.9030(8) A) reported by this group.so’51

NMR Spectroscopy. All 'H, *C{'H}, and '“Sn{'H}
NMR spectroscopic data are listed in greater detail in the
Supporting Information. The solution "H NMR spectra of 1—4
displayed signals corresponding to the Ar™™ ligands with
diastereotopic isopropyl methyl groups and septet methine
proton signals and showed small changes with respect to those
reported for Mo(CO){Sn(Ar™)H}"” or {Ar*"*Sn(u-H)},."
The Sn—H signal for 1 was observed at 6 = 18.62 ppm. This is
flanked by the ''7/11Sn satellites 'Js, i = 754 Hz, and coupling
to tungsten "W, *Jiy_; = 19 Hz, which is consistent with the
Sn—H signal observed in the 'H NMR spectrum of
Mo(CO)s{Sn(Ar")H}, § = 18.00 ppm.”” The chemical
shift of the Sn—H signal and the observed coupling constant of
1 are in close agreement with the reported values for tantalum
and tungsten coordinated hydridostannylenes, [Cp,W(H)=
SnHAr""]*[AI(OC{CF;};),], 6 = 15.13 ppm, Js,_y = 1040
Hz, and Jy_y = 32 Hz, and [Cp,TaH,—SnHAr"*]*[Al(OC-
{CF;},),]7, 6 = 15.55 ppm, and Jg,_y; = 1165 Hz.>> The Sn—
H signal for 4 was observed at 6 = 10.12 ppm, flanked by the
respective '17/1%Sn satellites "%, _; = 1093 Hz, "y =
1045 Hz, and W ?%J,,_y; = 12 Hz, which is much further
upfield than the Sn—H signals for 1, Mo(CO)<{Sn(Ar"*)H},
and § = 17.09 ppm for Mo(CO){Sn(Ar™™)(THF)H}.”
Relevant species also includes the hydridostannylene complex,
Cp*(‘PrsP)(H)Os=SnH(trip) (trip = 2,4,6-triisopropylphen-
yl) with a resonance at § = 19.4 ppm, by Tilley and co-
workers.”” Compared to 1, the upfield shift of the Sn—H signal
in 4 can be attributed to the increased electron density at the
tin atom due to dbu coordination at the tin atom, and that dbu
is a better o-donor than THF. The calculated 'H NMR
chemical shift of the Sn—H hydrogen of the hypothetical
monomeric unit of {Ar™®Sn(u-H)}, is 8 = 25.4 ppm,”” and the
reported chemical shifts of N-heterocyclic carbene (NHC)
coordinated three-coordinate hydridostannylenes range from &
=691 to § = 7.23 ppm, with 'Js,_y; coupling constants of 192

to 237 Hz.'*" In comparison to these NHC-coordinated
hydridostannylenes, the Sn—H chemical shift of 4 can be
explained by reduced electron density at the tin atom which
should result in a downfield shift due to coordination of
transition metal carbonyl moiety.'® The chemical shift of Sn—
H signal and coupling constant of 4 is comparable to the
reported values for L*(H)Sn-W(CO), (L* = 2-Et,NCH,-4,6-
tBu,-C¢H,), 8 = 10.25 ppm, Jg,_yy = 1091 Hz, and 'Jyy_yy =
15.6 Hz, reported by Jambor and co-workers.”* Diffusion-
ordered spectroscopy (DOSY) 'H NMR spectroscopy of 4
afforded a diffusion coefficient of 4.42 X 107'° m?/s, which
suggested that no dissociation of the dbu molecule occurred in
the C¢Dg solution of 4. The '"H NMR spectrum of 2 showed
broad resonances at § = 0.89—1.09 ppm for the corresponding
ethyl group, which agrees with the shifts from the ethyl group
in the "H NMR spectrum of {Ar™"Sn(u-Et)}, reported by this
group.”” The 'H NMR spectra of 3 showed two broad
resonances at 6 = 0.80—0.91 ppm and 6 = 1.23—1.29 ppm,
separately, and a resolved triplet signal attributable to the two
a-protons of the n-propyl group. One-dimensional nuclear
Overhauser effect spectroscopy of "H NMR spectra of 2 and 3
with selective excitation of 6 = 7.20—7.34 ppm showed transfer
of nuclear spin polarization to the isopropyl substituents on the
flanking rings due to the close contacts between these
isopropyl groups and aromatic signals on the central phenyl
ring, therefore explaining NOE-coupled multiplets of aromatic
signals in 2 and 3.

The purity of the samples of 1—4 is better represented by
the “C{'H} NMR spectra, in comparison to the 'H NMR
spectra, where restricted rotations and NOE-couplings were
present throughout the structures of 1—4. The *C{'H} NMR
spectra of 1—4 displayed two distinct chemical shifts for the
carbonyl resonances in an approximate 1:4 ratio, which is
consistent with their structural data (vide supra). The
BC-117/1981 coupling was not observed in all of the recorded
BC{'H} NMR spectra, while "C—'W couplings were
observed in the C{'H} NMR spectra of 1 and 3 for the
four equatorial carbonyl groups. The "“C—'W coupling
constants are 'Jyy_c = 122 Hz, and 'Jyy_c = 121 Hz for 1 and 3,
respectively, which is close to the reported values for L*(H)Sn-
W(CO); (L2 = 2-Et, NCH,-4,6-tBu,-C,H,), Yi_c = 122 Hz>*
The 1:4 ratio of carbonyl resonances suggests free rotation
around W—Sn bond in 1—4. This suggests that hydridos-
tannylene is a weak s-acceptor despite the presence of an
empty p-orbital on the Sn atom, which is further demonstrated
in calculations (vide infra). Compared to the *C{'H} NMR
spectrum of 1, “C{'H} NMR spectra of 2 and 3 showed
additional signals attributable to the ethyl or n-propyl group
coordinated at the tin atom which are similar to the reported
values for tin-alkyls.””**

The 'Sn{'H} NMR spectra of 1—3 were recorded in C¢Dg
and referenced to the external standard SnMe, in CDCI;. The
"9Sn signal of 1 appeared at § = 1159 ppm, which is slightly
further upfield than 6 = 1324 ppm, the previously reported for
Mo(CO){Sn(Ar™®)H}.”” The “Sn signal of 1 agrees well
with the '*°Sn NMR chemical shift of Cp,M(Ar**SnH), (M =
Ti, Zr, and Hf) complexes reported by Wesemann and co-
workers, which ranged from 1060 to 1250 ppm.26 The
"9Sn{'H} NMR spectra of 2 and 3 displayed signals at § =
145S ppm and 6 = 1443 ppm, respectively. Unfortunately, no
'9Sn signal was observed for 4. Other reported '**Sn chemical
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shifts of three-coordinate tin-transition metal complexes range
from 673 to 1231 ppm.*>*~*

IR Spectroscopy. Compounds 1—4 were further charac-
terized by FT-IR spectroscopy. Compounds 1—3 displayed
Vco stretching bands that agree well with the previously
reported complexes,”” showing a characteristic pattern for a
[LM(CO);] species.”” Compared to 1, FT-IR spectra of 2 and
3 showed similar vq stretching bands, and disappearance of
the weak absorption at 1757 cm™" attributed to the Sn—H
stretching frequencies, as a result of olefin insertion reaction
into the Sn—H bond. However, the FT-IR spectrum of 4
displayed slightly different ¢ stretching bands, 2050 cm™
(m), 1963 cm™ (m), 1916 cm™ (s), and 1887 cm™ (vs), and
a weak absorption at 1793 cm™" for the Sn—H stretching. DFT
calculations suggest similar stretching frequencies of Sn—H to
the experimental values (see SI). The FT-IR spectrum of 4 is
in close agreement with the values of L*(H)Sn-W(CO); (L* =
2-Bt,NCH,-4,6-tBu,-C,H,) (2056, 1937, 1915, 1889 (CO),
and 1781 cm '(Sn—H)), reported by Jambor and co-
workers.”* The observed Sn—H stretching frequencies can
also be compared to the reported values of the bridged-hydride
Sn(II) species, {Ar"®Sn(u-H)}, (vg,_y = 1828 and 1771
cm™!), which are due to the asymmetric isomeric {Ar"SnSn-
(H),Ar™*},'*° and terminally bound tin hydride species
reported by Roesky and co-workers, as well as to [{HC-
(CMeNAr),}SnH] (Ar = 2,6-iPr,C4H;) vg,_p; = 1849 cm™,"
[{2,6-iPr,C¢H,NCMe},C,H,SnH] vg,_p; = 1826 cm™,'? and
Cp,M(Ar™™SnH), (M = Ti, Zr, and Hf) complexes reported
by Wesemann and co-workers, with vg, y ranging from 1741
to 1749 cm™.%

Computational Analyses. The structures of 1, 2, and 4
were further probed computationally by DFT methods and
greater details are listed in the Supporting Information.
Overall, the calculated gas-phase structures agreed well with
the solid-state molecular structures of 1, 2, and 4. In more
detail, we investigated the potential reaction pathways for the
ethylene insertion to complex 1 (Figure 4a), the limited
conversion of 2 to 1 with Ph;SiH (Figure 4b), and the dbu
adduct formation 4 (Figure S). First, for the ethylene insertion
to 1, it is suggested that the reaction proceeds via the initial
face-on coordination of the olefin to the tin atom in 1, the
transition state for this insertion was found to be 17.1 kcal/
mol. The ethylene inserted product 2 was then found to be
17.4 kcal/mol more stable than the starting materials 1 and
C,H,, and therefore the overall reaction is exergonic which
agrees well with the experimental findings (Scheme 3).

We investigated the catalytic potential of 1 toward
hydrogenation of ethylene using NMR spectroscopy and
DEFT calculations, as 1 readily effects facile hydrostannylation
of ethylene. Initial attempts using dihydrogen gas as the
hydrogen source in the regeneration of 1 were unsuccessful;
however, using PhSiH; as the hydrogen source resulted in
limited conversion of 2 to 1. The 'H and *Si{'H} NMR
spectra of the mixture of 2 and PhSiH; showed signals
attributable to the unreacted species, 5 min after mixing the
reagents in the glove box. After 72 h at ca. 65 °C, the '"H NMR
spectrum indicated limited conversion of 2 to 1, as evidenced
by the appearance of the 18.62 ppm signal of the Sn—H in 1.
The ?Si{'H} NMR spectrum of the reaction mixture showed
only a signal for PhSiH; even after heating for 72 h at ca. 65
°C. The DFT calculations suggest that the rate determining
step in this transformation is the metathesis reaction between
Sn—C/Si—H bond for which there is an energy barrier of 71.3

(@)
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Figure 4. (a) DFT calculated reaction coordinate diagram of 1 +
C,H,, with calculated gas-phase structure of the transition state; Ar™™
is shown as wireframe. (b) DFT calculated reaction coordinate
diagram of 2 + Ph,;SiH, with calculated gas-phase structure of the
transition state; Ar™™ is shown as wireframe.

kcal/mol, despite the overall reaction being exergonic, albeit by
just 4.9 kcal/mol. Taken together the high barrier and close to
thermoneutral reaction energetics, it is not surprising that the
experimental conversion is very modest.

Finally, the reaction of 1 with dbu was also investigated
computationally. Previously, both proton abstraction and
coordination reactions have been reported to occur for
dbu.”>*°~%% However, in the case of 1 with dbu, coordination
of dbu to the tin atom in 1 was the sole reaction observed both
structurally and spectroscopically. DFT calculations suggest
that the proton abstraction in this system is overall endergonic
by 3.9 kcal/mol (compared to the free reagents 1 and dbu), yet
the coordination reaction is overall exergonic by —14.3 kcal/
mol. In addition, the proton abstraction transition state is at
25.4 kcal/mol (compared to the adduct 4), therefore favoring
the coordination product instead of proton abstraction.

B CONCLUSIONS

Herein, we reported the synthesis of W(CO){Sn(Ar"*)H}
(1) via a reaction of {Ar™™Sn(u-H)}, with [W(CO)(THF)].
Compound 1 effects facile hydrostannylation of ethylene, or
propylene, which yielded W(CO){Sn(Ar"™)(Et)}, (2), or
W(CO){Sn(Ar"™)("Pr)}, (3). The addition of dbu, a weakly-
nucleophilic base, to a solution of 1 afforded the Lewis acid—
base complex [(Ar™")(H)Sn(dbu)—W(CO),], (4), which
demonstrated the Lewis acidic nature of the Sn atom in 1.
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Figure 5. DFT calculated reaction coordinate diagram of 1 + dbu, with the calculated gas-phase structure of the transition state for proton
abstraction, and calculated gas-phase structure of the proton abstraction products; Ar™® is shown as wireframe.

Scheme 3. Hypothetical Catalytic Hydrosilylation of
Ethylene with 1

CH,
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Investigation of the catalytic potential of 1 toward ethylene
hydrosilylation by reacting 2 with PhSiH; in C¢Dy at elevated
temperature revealed limited conversion of 2 to 1, which was
monitored by NMR spectroscopy. DFT calculations suggest
that the mechanism of hydrostannylation reactions proceed via
olefin insertion into the Sn—H bond by coordination of the
olefin at the tin atom. The limited conversion in reaction of 2
with PhSiH; in C¢Dg can be associated with that the calculated
rate-determining step is the metathesis reaction between Sn—
C/Si—H bond with an energy barrier of 71.3 kcal/mol.
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