Downloaded via UNIV OF SOUTH CAROLINA COLUMBIA on August 8, 2022 at 20:12:39 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Inorganic Chemistry

pubs.acs.org/IC

Synthesis and Chemistry of Ammonioethenyl and
Phosphonioethenyl Ligands in Zwitterionic Dirhenium Carbonyl
Complexes

Richard D. Adams,* Meenal Kaushal, Vitaly A. Rassolov, and Mark D. Smith

I: I Read Online

Article Recommendations |

Cite This: Inorg. Chem. 2022, 61, 12262-12274

ACCESS | [l Metrics & More | @ Supporting Information

ABSTRACT: New zwitterionic dirhenium carbonyl complexes Me  Me
.. . . . +CoH, \/

containing ammonioethenyl and phosphonioethenyl ligands have e BN—Me

been synthesized and studied. The reaction of Re,(CO),, with + MesNO slow Heo S

C,H, and Me;NO yielded the dirhenium complex
Re,(CO)y(NMe;) (6) and the new zwitterionic complex
Re,(CO)y[n'-E-2-CH=CH(NMe;)] (7). Compound 6 was
characterized structurally and was found to have a NMe; ligand
in an equatorial coordination site cis to a long Re—Re single bond,
Re—Re = 3.0938(2) A. Compound 7 can be obtained from the reaction of 6 with ethyne (C,H,) formally by the insertion of ethyne
into the Re—N bond to the NMe, ligand. Compound 7 contains a 2-trimethylammonioethenyl ligand, "CH=CH(*NMe;), that is
formally a zwitterion having a positive charge on the nitrogen atom and a negative charge on the terminal carbon atom. When
coordinated to rhenium by the terminal ethenyl carbon atom, the negative charge on the "CH=CH(*NMe,) carbon atom is
formally transferred to the rhenium atom. The reaction of Re,(CO);, with C,H, and NEt; in the presence of Me;NO yielded the
new dirhenium complex Re,(CO),[5'-E-2-CH=CH(NEt,)] (8) together with some 6 and 7. Compound 8 is structurally similar to
7, but it contains a NEt; group in the ammonioethenyl ligand in the place of the NMe; group in 7. Reactions of 7 with PMePh, and
PPh; yielded the zwitterionic 2-arylphosphonioethenyl-coordinated dirhenium carbonyl complexes, Re,(CO),[n'-E-2-CH=
CH(PPh,Me)] (9a) and Re,(CO)o[n'-E-2-CH=CH(PPh;)] (9b), and the zwitterionic 1-phosphonioethenyl ligand in the
dirhenium carbonyl complexes, Re,(CO),[1'-1-C(PPh,Me)(=CH,)] (10a), Re,(CO)g[u-7*-1-C(PPh,Me)(=CH,)] (11a), and
Re,(CO)g[[u-n*-1-C(PPh,)(CH,)] (11b). Compound 10a was converted to 11a and the new compound Re,(CO),(u-H) [u-n*1-
(CH,C)P(Ph)(Me)(0-C4H,)], (12) by decarbonylation using Me;NO. Compound 12 contains an ortho-metalated phenyl ring. The
new products 6,7, 8, 9b, 10a, 11a, 11b and 12 were characterized structurally by single-crystal X-ray diffraction analyses.
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B INTRODUCTION

Hydrocarbyl zwitterions containing phosphorus and sulfur
substituents, such as the phosphorus and sulfur ylides, A" and
B,” Scheme 1, are valuable reagents in organic synthesis.2_4

Scheme 1. Sketches of Some of the Classical Onium

Hydrocarbyl Zwitterions
R;P*—CR', R,S*™—CR', R;N*—TCR',

A B C

Ammonijum ylides C are less stable then their phosphonium
and sulfonium cousins, but recent studies have shown that they
can be important intermediates in organic transformations.”
These ylides can serve as good ligands and are stabilized by
the coordination of the negatively charged carbon atom to
metal atoms M, e.g., D and E. The metal complexes are also
zwitterions that are formed by a formal transfer of the negative

char;e on the ylide carbon atom to the metal atom (Scheme
2).%
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Scheme 2. Sketches of Some of the Classical Onium
Hydrocarbyl Zwitterions Serving as Ligands
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In recent years, families of metal-stabilized, unsaturated
zwitterionic hydrocarbyl ligands have begun to appear. Some
representative examples are shown in the structures F—I
(Scheme 3).°~'* They can be obtained by the addition of
tertiary phosphines to certain alkyne or vinylidene ligands.
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Scheme 3. Sketches of Some Metal Complexed Unsaturated
Onium Hydrocarbyl Zwitterions Serving as Ligands
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These ligands have the potential for new organic trans-
formations and organic synthesis. There are very few examples
of complexes containing the ammonioethenyl ligands as
represented by the structure 1L'°7"

The first example of an ammonioethenyl ligand was
obtained by Chin et al. for the iridium complex ion
[Ir(H)(C,Ph)(—CH=CH—-NEt;) (CO)(PPh;),]* in 1997
from the reaction of the salt [Ir(H)(C,Ph)(NCPh)(CO)-
(PPh;),][ClO,] with a mixture of ethyne and NEt,."* In recent
studies, we have synthesized a number of new examples
including the first examples of bridging 7*-trimethylammonio-
ethenyl ligands in the zwitterionic polynuclear ruthenium
carbonyl complexes Rug(us-C)(CO),5(p-7*-CHCHNMe;)
(1) and Rus(s-C)(CO)3(u-n*-CHCHNMe;) (2).°
These bridging 7*ligands were readily converted to terminally
coordinated 7'-ligands as found in the complexes Rug(ug-
C)(CO),4[p-n'-E-CH=CH(NMe;)] (3)"* and Ruy(us-C)-
(CO),[u-n'-E-CH=CHNMe,) (4)'° by the addition of CO
to 1 and 2, respectively (eqs 1 and 2 in Scheme 4).

Scheme 4. Schematics of Two Reactions Showing the
Transformations of Bridging Ammonioethenyl Ligands into
Terminal Ammonioethenyl Ligands by the Addition of CO
to Ruthenium Cluster Complexes'*'>*
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“CO ligands are represented as lines from the Ru atoms.

Interestingly, it was found that ethyne (C,H,) can be added
to the bridging 7”-CHCH(*NMe;) ligand in 1 to form a triply
bridging #*-trimethylammoniobutadienyl, (u;-#*-CHCH-
CHCH'NMe;,), ligand in the zwitterionic complex Rug(s-
C)(CO)4[us31*-C,H,(NMe;)] (5) by the formation of a C—
C bond to the bridging 7-CHCH('NMe;) ligand in 1
(Scheme 5S).

Scheme 5. Schematic Showing the Addition and Coupling of
Ethyne to the f-Carbon Atom of the Bridging

Ammonioethenyl Ligand in 1%
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“CO ligands are represented as lines from the Ru atoms.'*

Our most recent studies have been focused on reactions of
the dirhenium carbonyl complex Re,(CO),, with ethyne and
combinations of NMe; or NEt; in the presence of Me;NO.
New dirhenium carbonyl complexes containing terminally
coordinated, ammonioethenyl, #'-E-CH=CH(*NR;) (R =
Me, Et) ligands have been obtained. It has also been found that
the tertiary amino group can be replaced in reactions with the
tertiary phosphines PPh; and PMePh, to yield dirhenium
complexes containing the phosphonioethenyl ligands: 7'-2-
CH=CH(*PR;), #'-1-C(*PR;)=CH,, and p-#*1-C(*PR;)=
CH, (R; = Ph; and MePh,). The syntheses, structures, and
chemistry of these new dirhenium complexes are described in
this report.

B EXPERIMENTAL SECTION

General Data. All reactions were performed under a nitrogen
atmosphere. Reagent-grade solvents were dried by the standard
procedures and were freshly distilled prior to use. Infrared spectra
were recorded on a Nicolet IS10 midinfrared FT-IR spectropho-
tometer. '"H NMR spectra were recorded on a Bruker AVANCE III-
HD 300 spectrometer operating at 300.1 MHz. *'P NMR spectra
were recorded on a Bruker AVANCE III-HD 300 operating at 121.5
MHz. "*C NMR spectra were recorded on a Bruker AVANCE III-HD
400 spectrometer operating at 100.65 MHz. Mass spectrometric (MS)
measurements performed by a direct-exposure probe by using
electron impact ionization (EI) were made on a VG 70S instrument.
Re,(CO)o, trimethylamine oxide, acetylene (industrial-grade C,H,),
triphenylphosphine, and methyldiphenylphosphine were obtained
from Pressure Chemicals, Tokyo Chemical Industry, Praxair,
Columbia Organic Chemicals Company, and Sigma-Aldrich Chemical
Co., respectively. All reagents were used as received. Product
separations were performed by TLC in air on Analtech 0.25 or 0.50
mm silica gel 60 A F,, glass plates.

WARNING! Carbon monoxide and ethyne are hazardous gases that
should be used only in a well-ventilated fume hood.

Reaction of Re,(CO),, with C,H, in the Presence of Me;NO:
Syntheses of Re,(CO)o(NMes) (6) and Re,(CO)qln'-E-2-CH=CH-
(NMes)] (7). A 50.0 mg (0.0766 mmol) amount of Re,(CO),, was
dissolved in 1.5 mL of CD,Cl, in a S mm NMR tube. The tube was
evacuated and filled with acetylene. A 17.0 mg (0.227 mmol) portion
of Me;NO was dissolved in CD,Cl, and then added to the NMR
tube. The color of the solution changed from colorless to yellow upon
addition. The NMR tube was allowed to stand for 15 min. The
solvent was removed in vacuo. The residue was extracted in CH,Cl,
and separated by TLC by using a 3:1 hexane/CH,Cl, (v/v) solvent
mixture to yield two products in order of elution: a bright-yellow band
of Re,(CO)y(NMe,) (6),"° 8.0 mg (15% yield), and a pale-yellow
band of Re,(CO),y[n'-E-2-CH=CH(NMe;)] (7), 13.0 mg (25%
yield). Compound 6 is unstable in solution in the open air and
undergoes significant decomposition in 10—30 min. Crystalline forms
of 6 are more stable. Compound 7 is much more stable than 6 in the
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open air both in the solid state and in solution. Spectral data for 6: IR
Vco (em™ in CH,CL): 2102 (w), 2034 (s), 1986 (vs) 1952 (m) 1911
(m). '"H NMR (CD,Cl, & in ppm) 3.05 (s, 9H). Mass spectra (EI/
MS m/z): 683, M*, 624 M* — NMe;. The isotope distribution pattern
is consistent with the presence of two rhenium atoms. Spectral data
for 7: IR v (em™ in CH,Cl,): 2089 (m), 2025 (s), 1973 (vs), 1936
(s), 1894 (s). '"H NMR (CD,Cl,, § in ppm): 7.80 (d, 1H, CH, *J;;_y
=15 Hz), 5.62 (d, 1H, CH, *J,3_y = 15 Hz), 3.01 (s, 9H, NMe,). 1*C
NMR (CD,Cl, 125.79 MHz, § in ppm): 200.92 (CO), 199.38 (CO),
195.05 (CO), 191.66 (CO), 134.41 (=CH), 128.34 (=CH), and
54.49 (3 CHj;). Elemental analysis: Calculated for Re,NOo,C,,H,;: C,
23.69%; H, 1.56%; N, 1.97%. Found: C, 23.68%; H, 1.68%; N, 1.99%.

Direct Synthesis of Re,(CO)s(NMe3) (6). A 50.0 mg (0.0766 mmol)
portion of Re,(CO),, was dissolved in 1.5 mL of CD,Cl, in a S mm
NMR tube. A 17.0 mg (0.227 mmol) amount of Me;NO was
dissolved in CD,Cl, and then added to the NMR tube. The color
changed from colorless to yellow upon addition. The NMR tube was
allowed to stand for 15 min. The solvent was removed in vacuo. The
residue was extracted in CH,Cl, and separated with TLC by using
hexane solvent to give a bright-yellow band of Re,(CO),(NMe,) (6),
21.0 mg (40% yield). The first evidence of the existence of 6 was
obtained by Bergamo et al. in their studies of the reactions of
Re,(CO),o with Me;NO in tetrahydrofuran solvent, but it was not
isolated.'

Synthesis of Re,(CO)yn'-E-2-CH=CH(NMe;)] (7) from 6 and
C,H,. An 8.0 mg (0.0117 mmol) amount of 6 was dissolved in 1.5 mL
of CD,Cl, in a S mm NMR tube. The tube was evacuated and filled
with acetylene gas and was then allowed to stand for 24 h at room
temperature. The product was isolated by TLC by using a 3:1
hexane/CH,Cl, (v/v) solvent mixture to yield 4.0 mg of
Re,(CO),s[#"-E-2-CH=CH(NMe,)] (7) (48% yield).

Synthesis of Re,(CO)y[n'-E-2-CH=CH(NEt;)] (8) from Re,(CO);,
with C,H, and NEt; in the Presence of MesNO. A 30.0 mg (0.0460
mmol) amount of Re,(CO);, was dissolved in 1.5 mL of CD,Cl, in a
S mm NMR tube. A 13 L (0.0920 mmol) portion of NEt; was then
added to the NMR tube. The tube was shaken and then evacuated
and filled with acetylene. A 10.0 mg (0.138 mmol) amount of Me;NO
was dissolved in CD,Cl, and then added to the NMR tube. The color
changed from colorless to yellow upon addition. The products were
isolated by TLC by using a 2:1 hexane/CH,Cl, (v/v) solvent mixture
to yield two products in order of elution: a bright-yellow band of 6,
2.0 mg (6% yield), and two pale-yellow bands consisting of
Re,(CO),[n'-E-2-CH=CH(NEt;)] (8), 7.0 mg (20% yield),
followed by 7, 6.0 mg (18% yield). Spectral data for 8: IR vcq
(em™ in CH,Cl,): 2088 (w), 2023 (m), 1973 (s), 1935 (m), 1893
(m). '"H NMR (CD,Cl,, § in ppm): 7.62 (d, 1H, CH, *J,;_y; = 16.2
Hz), 5.20 (d, 1H, CH, 3J;;_; = 16.2 Hz), 3.10 (g, 6H, NCH,CH,, ’] =
7.2 Hz), 1.24 (t, 9H, NCH,CH,, %] = 7.2 Hz). Mass spectra (EI/MS
m/z): 751, M*; 723 M* — CO. The isotope distribution pattern is
consistent with the presence of two rhenium atoms.

Reaction of 7 with PMePh,. A 50.0 mg (0.070S mmol) amount of
7 and 30 uL (0.1612 mmol) of PMePh, were dissolved in 1.5 mL of
CD,CL, in a S mm NMR tube. The NMR tube was evacuated and
filled with nitrogen and was then held at 45 °C for 24 h. A 'H NMR
spectrum obtained after this period showed new resonances at § =
2.41-2.50, 4.15—4.20, 6.53—6.74, 6.75—7.22, and 10.02—10.22. The
solution was then cooled to room temperature, and the solvent was
removed in vacuo. The products were isolated by TLC by using a 4:1
hexane/CH,Cl, (v/v) solvent mixture to give the following in order
of elution: two yellow bands of Re,(CO)y[u-n*-C(=CH,)-
(PPh,Me)], 11a, 5.0 mg (9% yield), and Re,(CO)o[n'-C(=
CH,)(PPh,Me)] (10a), 18.0 mg (30% yield), and a very pale yellow
band of Re,(CO),[#'-E-2-CH=CH(PPh,Me)] (9a), 19.0 mg (32%
yield). Spectral data for 9a: IR vco (cm™ in CH,CL): 2108 (w),
2089 (m), 2025 (s), 1977 (s), 1938 (m), 1900 (m). 'H NMR (in
CD,CL): § 10.12 (dd, 1H, 3Jy_y; = 19.8 Hz, *Jp_y = 38.7 Hz, =
CHP), 7.79—7.19 (m, 10H, 2Ph), 6.63 (dd, 1H, J;_;; = 19.8 Hz,
YJp_u = 42.6 Hz, HC=CHP), 2.17 (d, 3H, ¥J,_y = 12.6 Hz, PCH;).
3P NMR (CD,Cl,): § 6.55. *C NMR (CD,Cl,, @100.65 MHz): §
201.21 (2CO), 198.29 (br, 4C0O), 197.45 (1CO, Jcp = 13 Hz), 196.05

(1CO, Jep = 6 Hz), 191.99, (1CO), 133.83 (Ph, para C, Jp_c = 1.1
Hz), 13226 (Ph, meta C, Jp_c = 9.8 Hz), 129.75 (Ph, ortho C, Jp_c =
12.1 Hz), 129.80 (Ph, ipso C, Jo_c = 217 Hz), 122.74 (HCCHP,
Yo_c = 85 Hz), 110.03 (HCCHP, J,_¢ = 66 Hz). Mass spectra (EI/
MS m/z): 850, M*; 822, M* — CO; 794, M* — 2CO. Spectral data for
10a: IR 1o (cm™ in CH,CL): 2092 (m), 2071 (w), 2022 (m), 1980
(s), 1949 (s), 1926 (w), 1984 (w). '"H NMR (CD,Cl,, § in ppm):
7.09 (dd, 1H, 3Jp_y = 74.7 Hz, *Jy_y = 2.1 Hz); 7.63 (m, 9H), 6.82
(dd, 1H, *Jp_yy = 43.2 Hz, ¥Jyy_y = 2.1 Hz), 2.51 (d, 3H, ¥Jp_y = 12.6
Hz). *C NMR (CD,CL): § 203.0 (CO), 198.2 (br, CO), 192.8
(CO), 154.0 (H,CCP), 133.2 (Ph, para C, J,_c = 2.8 Hz), 132.6 (Ph,
meta C, Jo_c = 8.7 Hz), 129.5 (Ph, ortho C, J,_¢ = 11.3 Hz), 129.0
(Ph, ipso C, Jp_c = 10.7 Hz), 123.7 (H,CCP, 'J,_c = 76.9 Hz), 12.4
(PCH,, 'Jp_c = 63.8 Hz). 3'P NMR (CD,Cl,, § in ppm): 32.90. Mass
spectra (EI/MS m/z): 850, M*; 794, M* — 2CO; 766, M* — 3CO.
The isotope distribution pattern is consistent with the presence of two
rhenium atoms. Spectral data for 11a: IR v¢o (em™ in CH,CL):
2088 (w), 2071 (m), 2024 (m), 1977 (m), 1952 (s), 1927 (s), 1908
(s). 'H NMR (in CD,Cl,): 6§ 7.9-7.5 (m, 10H, 2Ph) 4.17 (dd, 1H,
Yyu = 2.5 Hz, *Jp_y = 25 Hz, HHCCP), 2.46 (dd, 1H, *Jyy_y = 2.5
Hz, *J,_y = 42 Hz, HHCCP), 2.36 (d, 3H, ¥J,_y = 11.5 Hz, PMe).
3P NMR (CD,Cl,): 6 35.86. '*C NMR (CD,Cl,, @100.65 MHz): §
199.23 CO, 196.65 CO, 194.57 CO, 189.94 CO, 134.1S (Ph, para C),
134.06 (Ph2, para C), 133.27 (Phl, meta C), 133.19 (Ph2, meta C),
133.18 (Phl, ipso C, Jo_¢ = 58 Hz), 133.15 (Ph2, ipso C, Jo_c = 59
Hz), 129.03 (Ph1, ortho C, Jo_c = 11 Hz), 129.0 (Ph2, ortho C, J,_¢
= 9 Hz), 10471 (H,CCP, ¥J,_c = 9 Hz), 47.14 (H,CCP), 9.18
(H4CP, 'Jp_¢ = 53 Hz). Mass spectra (EI/MS m/z): 822, M*; 794,
M*" — CO; 766, M — 2CO. The isotope distribution pattern is
consistent with the presence of two rhenium atoms.

Reaction of 7 with PPh;. A 25.0 mg (0.035 mmol) amount of 7
and a 24.0 mg (0.092 mmol) amount of PPh; were dissolved in 1.5
mL of CD,Cl, in a 5 mm NMR tube. The NMR tube was evacuated
and filled with nitrogen. The NMR tube was then held at 48 °C for 32
h. After cooling, the solvent was removed and the products were
isolated by TLC by using 2:1 hexane/CH,Cl, (v/v) to give the
following in order of elution: a yellow band of Re,(CO);[[u-7*—C(=
CH,)(PPh;)] (11b), 10.0 mg (32% yield), and a pale-yellow band of
Re,(CO)o[n'-E-2-CH=CH(PPh;)] (9b), 5.0 mg (16% yield).
Spectral data for 9b: IR v¢o (ecm™ in CH,CL,): 2090 (m), 2075
(w), 2025 (m), 1977 (s), 1937 (w), 1900 (w). 'H NMR (in CD,CL,):
5 10.10 (dd, 1H, 3Jy_y; = 19.5 Hz, 3Jp_y; = 36.9 Hz), 7.76—7.04 (m,
15H, 3Ph), 6.95 (dd, 1H, *Jg_y = 19.5 Hz, YJp_y = 41.4 Hz). 3'P
NMR (in CD,Cl,): § 10.28. Mass spectra (EI/MS m/z): 884, M*%;
856, M* — CO; 828, M* — 2CO. The isotope distribution pattern is
consistent with the presence of two rhenium atoms. Spectral data for
11b: IR v (em™ in CH,Cl,): 2088 (w), 2070 (m), 2023 (s), 1976
(s), 1959 (m), 1946 (s), 1904 (m). 'H NMR (CD,Cl, § in ppm):
7.78—7.46 (m, 15H, 3Ph), 4.36 (dd, *Jy_y = 2.1 Hz, 3J,_; = 25.2 Hz,
CHH), 2.69 (dd, 1H, *J;_g = 2.1 Hz, *Jp_; = 44.1 Hz, CHH). *'P
NMR (CD,Cl,, § in ppm): 37.21. Mass spectra (EI/MS m/z): 856,
M* — CO; 828, M* — 2CO; 800, M"* — 3CO. The isotope
distribution pattern is consistent with the presence of two rhenium
atoms.

Attempted Conversion of 9a to 10a/11a. A 15.0 mg (0.0176
mmol) sample of 9a was dissolved in 1.5 mL of toluene-dg in a S mm
NMR tube and then held at 100 °C for 17 h. After this period, the
NMR spectrum showed no evidence of the formation of 10a or 11a,
and compound 9a (13.0 mg) was recovered.

Reaction of 10a with Trimethylamine N-Oxide. A 38.0 mg (0.045
mmol) amount of 10a and a 5.0 mg (0.067 mmol) amount of Me;NO
were dissolved in 1.5 mL of CD,Cl, in a 5 mm NMR tube. The NMR
tube was evacuated and filled with nitrogen. The NMR tube was then
heated to 48 °C for 2 h. A '"H NMR spectrum obtained after this
period showed a resonance at § = —13.5 for a new compound and also
the resonances of 1la. The solution was then cooled to room
temperature, and the solvent was removed in vacuo. The residue was
extracted in CH,Cl, and separated with TLC by using 1:1 hexane/
CH,Cl, (v/v) to give the following in order of elution: a colorless

band of Re,(CO),(u-H)[u-n*(CH,C)P(Ph)Me(0-C¢H,)] (12), 3.0

https://doi.org/10.1021/acs.inorgchem.2c01471
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mg (8.5% yield), and a yellow band of 11a, 20.0 mg (55% yield).
Spectral data for 12: IR v¢o (cm™ in hexane): 2088 (m), 2028 (s),
1988 (m), 1982 (s), 1955 (m), 1948 (s), 1931 (m). 'H NMR (in
CD,CL,): & 825—7.15 (m, 9H, Ph), 5.56 (d, 1H, 3J,_y = 30.6 Hz,
CHH), 4.96 (d, 1H, 3J,_y; = 42.6 Hz, CHH), 2.42 (d, 3H, *Jp_y; = 12
Hz, PMe), —13.5 (s, 1H, ReHRe). 3'P NMR (CD,CL,): § 41.8. Mass
spectra (EI/MS m/z): 794, M*; 766, M* — CO; 738, M* — 2CO. The
isotope distribution pattern is consistent with the presence of two
rhenium atoms.

Reaction of 11a with CO. A 10.0 mg (0.012 mmol) amount of
compound 11a was dissolved in 5§ mL of C¢D4 and transferred to a
Parr high-pressure reaction vessel. The reaction vessel was then
pressurized to 30 atm with CO gas and held at 80 °C for 40 h. A 'H
NMR spectrum obtained after this period showed that 1la was
converted to 10a. The solution was then cooled and the solvent was
removed in vacuo. The residue was extracted in CH,Cl, and separated
by TLC by using hexane to give 4.0 mg (39% yield) of 10a. A 5.0 mg
amount of unreacted 11a was recovered.

Crystallographic Analyses. Yellow single crystals of 6 were
obtained by the rapid evaporation of solvent from a solution in a
mixture of hexane and dichloromethane at room temperature. Pale-
yellow single crystals of 7 and 8, yellow crystals of 9b, and colorless
single crystals of 12 suitable for X-ray diffraction analyses were
obtained by the slow evaporation of solvent from a solution in a
mixture of dichloromethane and hexane at 25 °C. Yellow single
crystals of 10a, 11a, and 11b suitable for X-ray diffraction analyses
were obtained by the slow evaporation of solvent from a solution in a
mixture of benzene and hexane at 25 °C. All of the crystal data were
collected at 100(2) K by using a Bruker D8 QUEST diffractometer
equipped with a PHOTON-100 CMOS area detector and an Incoatec
microfocus source (Mo Ka radiation, A = 0.71073 A)."” The raw area
detector data frames were reduced, scaled, and corrected for
absorption effects by using the SAINT'” and SADABS'® programs.
All structures were solved by using the program library SHELXT."
Subsequent difference Fourier calculations and full-matrix least-
squares refinement against F* were performed with SHELXL-2018"
using OLEX2.*° All non-hydrogen atoms were refined with
anisotropic displacement parameters. Full details including crystal
data and results of the structural refinements for each of the analyses
in this report are available in the Supporting Information (Table S1).

Computational Analyses. All computational analyses were
performed with the ADF2014 program”' by using the PBEsol-D3
functional with a ZORA scalar relativistic correction and valence
double-{+ polarization, a relativistically optimized (DZP) Slater-type
basis set, with small frozen cores.”” All computations were carried out
in the gas phase at zero Kelvin, and no zero-point energy corrections
were applied. See the Supporting Information for additional details.

B RESULTS

The reaction of Re,(CO);, with C,H, in CD,Cl, in the
presence of Me;NO yielded two yellow dirhenium complexes
Re,(CO)s(NMe;) (6) (15% yield) and Re,(CO)y[n'-E-2-
CH=CH(NMe;)] (7) (13.0 mg, 25% yield) in 15 min. The
yields of 6 and 7 did not change significantly when the reaction
was conducted under an atmosphere of NMe; (1 atm), but
when the reaction of Re,(CO);, with NMe; and MesNO was
performed in the absence of C,H,, the yield of 6 increased to
40% and no 7 was obtained, as expected. Bergamo et al.
provided the first evidence for the existence of 6 in their
studies of the reactions of Re,(CO),, with Me;NO in THF
solvent.'® Compounds 6 and 7 were both characterized by a
combination of IR, 'H NMR, and single-crystal X-ray
diffraction analyses.

An ORTEP diagram of the molecular structure of
compound 6 is shown in Figure 1. Compound 6 is a simple
NMe; derivative of Re,(CO),,. The NMe;, ligand was derived
from Me;NO, which lost its O atom in the reaction with a CO

Figure 1. ORTEP diagram of the molecular structure of
Re,(CO)y(NMe;) (6) showing a 20% thermal ellipsoid probability.
Selected interatomic bond distances (A) and angles (deg) are as
follows: Rel—Re2 = 3.0938(2), Rel—N1 = 2.334(4), and Re2—Rel—
N1 = 101.64(9).

ligand in Re,(CO),o. The NMe; ligand occupies an equatorial
coordination site on one of the Re atoms cis to the Re—Re
single bond in 6. The Re—Re bond is significantly longer,
3.0938(2) A, than the Re—Re bonds in Re,(CO),,, 3.041(1)
A,>* Re,(CO)y[N(H)Me,], 3.0482(4) A,>** and
Re,(CO)y(NCMe), 3.039(1) A" This is certainly due in
part to the presence of the sterically bulky NMe; ligand on
Re(1), Rel—-N1 = 2.334(4) A, which is pushed away for the
Re—Re bond, Re2—Rel—NI1 = 101.64(9)°, by the CO ligands
on the neighboring Re atom. As can be seen, the equatorial
ligands on the two rhenium atoms exhibit a clear staggered
relationship to one another as found in Re,(CO),,.”* The 'H
NMR spectrum for 6 exhibits a sinoglet at 6 = 3.05 for the
methyl groups on the NMe, ligand."

An ORTEP diagram of the molecular structure of 7 is shown
in Figure 2. There are three independent formula equivalents
of 7a—c in the asymmetric crystal unit of compound 7. They
are all structurally similar. Compound 7 contains a Re,(CO),
group similar to that observed in 6. The Re—Re bond is
slightly shorter than those in 6, Rela—Re2a = 3.0515(3) A,
[Relb—Re2b = 3.0578(3) A], and [Relc—Re2c = 3.0566(3)
A]. The most interesting ligand in 7 is a trimethylammonio-
ethenyl ligand [5'-E-2-CH=CH(*NMe,)] of the type I
(Scheme 3), which is terminally coordinated to the rhenium
atom Re(1) in an equatorial coordination site by the carbon
atom C1, Rela—Cla = 2.200(4) A, [Relb—Cl1b = 2.194(5)
A], and [Relc—Clc = 2.200(4) A]. There is a C=C double
bond to the neighboring carbon atom C2: Cla=C2a =
1.318(6) A, C1b=C2b = 1.296(6) A, Clc=C2c = 1.303(6)
A. The trimethylammonioethenyl ligand has E stereochemistry
at the C=C double bond. Atom C2 is also bonded by a C—N
single bond to a NMe; group that formally contains a positive
charge on nitrogen atom N1, C2a—N1a = 1.515(6) A, [C2b—
N1b = 1.515(6) A], and [C2c—Nlc = 1.515(6) A]. The C=C
and C—N distances are similar to those observed in
[Ir(H)(C,Ph)(—CH=CH-NEt;)(CO)(PPh,),]*, with C=
C =1.288(9) A, C—N = 1.533(8) A,"* and in 4, with C=C =
1.306(3) A and C—N = 1.508(3) A.'* The ethenyl hydrogen
atoms in 7 appear as two doublets at § = 7.80 and 5.62 (}] = 15
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Figure 2. ORTEP diagram of the molecular structure of
Re,(CO)o[n"-E-2-CH=CH(NMe,)] (7) showing a 50% thermal
ellipsoid probability. Selected interatomic bond distances (A) are as
follows: molecule 1: Rela—Re2a = 3.0515(3), Rela—Cla = 2.200(4),
Cla—C2a = 1.318(6), and C2a—N1la = 1.515(6); molecule 2: Relb—
Re2b = 3.0578(3), Relb—Cl1b = 2.194(5), C1b—C2b = 1.296(6),
and C2b—N1b = 1.515(6); and molecule 3: Relc—Re2c = 3.0566(3),
Relc—Clc = 2.200(4), Clc—C2c = 1.303(6), and C2c¢—Nlc =
1.515(6).

Hz) in the 'H NMR spectrum. The resonance of the N-methyl
groups appears at § = 3.01. The olefinic carbon atoms C(1)
and C(2) appear at 6 = 134.41 and 128.34 in the *C NMR
spectrum.

In further studies, it was found that compound 7 can also be
obtained in reasonable yields (48%) from the reaction of 6
with C,H, at 1 atm in CD,Cl, solvent at 25 °C in 24 h, but this
reaction is much slower than the synthesis described above
(approximately 1 min). It thus seems that 6 is not an
intermediate to 7 in the original reaction which provides 7 by a
far more rapid route presumably involving other dirhenium
species.

Compound 7 is a zwitterion. Formally, there is a positive
charge on the ammonium nitrogen atom N(1a) and a negative
charge on the rhenium atom Re(1la) (Figure 2). Comparisons
of the infrared absorptions for the CO stretching of vibrations
of compound 6 with those of 7 support this model. In
particular, compound 6 is an uncharged molecule while
zwitterion 7 formally contains a negative charge on Re(1).
Both compounds contain similar structures for their nine
terminally coordinated CO ligands and the patterns of the CO
stretching absorptions in the infrared spectrum of each
molecule are very similar as expected, but comparisons of
the positions of the individual absorptions show that the
corresponding absorptions in 7 are each approximately 10—20
cm™" lower in frequency than the ones in 6:

IR for 6, too(cm ™" in CH,Cl,): 2102 (w), 2034 (s), 1986
(vs)1952 (m), 1911 (m)

IR for 7, I/CO((:m_1 in CH,Cl,): 2089 (m)
, 2025 (s), 1973 (vs), 1936 (s), 1894 (s)

See copies of the IR spectra in Figures S27 and S28 in the
Supporting Information. The reduction in the frequencies in 7
can be explained by a weakening of CO bond strengths which
would be caused by an increase in z-back bonding from the
metal atoms to the 7* orbitals of the CO ligands. Reductions
in CO stretching vibrational frequencies are well-established in
the formation of metal carbonyl anions.”> Our observations
would be consistent with an increase in negative charge on the
metal atoms as predicted by the formal charge distribution
models as described above (Schemes 2 and 3) for the
zwitterions reported in this study.

When the reaction of Re,(CO),, with Me;NO and C,H,
was performed in the presence of NEt;, the new compound
Re,(CO)y(5'-E-2-CH=CHNEL;) (8) was obtained in 20%
yield together with smaller amounts of 6 (6% yield) and 7
(18% yield). Compound 8 was also characterized structurally
by a single-crystal X-ray diffraction analysis. An ORTEP
diagram of the molecular structure of 8 is shown in Figure 3.

Figure 3. ORTEP diagram of the molecular structure of Re,(CO),-
[#"-E-2-CH=CH(NEt;)] (8), showing a 50% thermal ellipsoid
probability. Selected interatomic bond distances (A) are as follows:
Rel—Re2 = 3.05569(17), Rel—C1 = 2.197(3), C1-C2 = 1.320(4),
and C2—N1 = 1.530(4).

Compound 8 is structurally similar to 7 except that it contains
a NEt; group in place of the NMe; group on its triethyl-
ammonioethenyl ligand on metal atom Rel, Rel—Re2 =
3.05569(17) A and Rel—C1 = 2.197(3) A. There is an ethenyl
C=C double bond, C1=C2 = 1.320(4) A, and C2—N1 is a
single bond, C2—N1 = 1.530(4) A. Compound 8 is also a
zwitterion with a positive charge on N1 and a formal negative
charge on Re(1). The 'H NMR spectrum of 8 exhibits two
doublets for the ethenyl protons at § = 7.62 and 5.20 (*Jyy_g =
16.2 Hz) and a quartet and triplet at § = 3.10 and 1.24 (*Jy_y
= 7.2 Hz), respectively, for the three equivalent ethyl groups.

To develop a better understanding of the bonding in these
unusual zwitterionic metal complexes, molecular orbitals for a
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geometry-optimized model of compound 7 were calculated at
the PBESol-D3 level. A series of selected bonding and
antibonding MOs are shown in Figure 4.

LUMO (-2.26 eV) LUMOH45 (-1.36 eV)

®

¢

HOMO (-5.15 eV)

HOMO-7 (-7.19 eV)

HOMO-8 (-7.70 eV)

Figure 4. Selected ADF MOs for compound 7. (a) Molecular
orientation without MOs. (b) LUMO. (c) LUMO + S. (d) HOMO.
(e) HOMO — 7. (f) HOMO — 8. Energies of the MOs are given in
eV.

The orientation of the molecule without orbitals is shown in
Figure 4(a). The highest occupied molecular orbital (HOMO)
is shown in Figure 4(d) and is composed principally of the
Re—Re metal—metal bond. The MO HOMO — 7 shown in
Figure 4(e) is composed principally of the 6-bond between the
thenium atom Re(1) and carbon atom C(1) of the
ammonioethenyl ligand, but it also includes a component of
the C—C n-bond between atoms C(1) and C(2). The C(1)—
C(2) n-bond is the primary component of the HOMO — 8
shown in Figure 4(f). The large component of the antibonding
version of the C(1)—C(2) z-bond is shown in the LUMO + §
in Figure 4(c). The LUMO shown in Figure 4(b) is a
combination of 7% orbitals on the equatorial CO ligands on the
metal atom Re(2).

Reactions of 7 with PMePh, and PPh;. The reaction of
7 with PMePh, in CD,Cl, at 45 °C for 24 h yielded three new
yellow products formulated as Re,(CO)y[n'-E-CH=CH-
(PPh,Me)] (9a) in 32% yield, Re,(CO)s[n'-1-C(=CH,)-
(PPh,Me)] (10a) in 30% vyield, and Re,(CO)s[u-#*-C(=
CH,)(PPh,Me)] (11a) in 9% vyield. All three products were
characterized by a combination of IR, NMR, and mass spectral
analyses. Compounds 10a and 11a were also characterized by a
single-crystal X-ray diffraction analysis.

The 'H NMR spectrum of 9a showed olefinic doublets of
doublets at § = 10.12 (}J,;_y = 19.8 Hz, 3Jp_y; = 38.7 Hz) and
6.63 (dd, 1H, *Jy_y = 19.8 Hz, *J,_; = 42.6 Hz). The large
H—-H coupling strongly indicates an E stereochemistry for
these H atoms on a C=C double bond. The olefinic carbon
atoms appeared with shifts similar to those found in 7, 6 =
122.74 (Jp_c = 85 Hz), 110.03 (}Jp_c = 66 Hz) in the C
NMR spectrum, which suggests the presence of the 7'-E-2-
CH=CH(PPh,Me) ligand of the type F (Scheme 3)
analogous to that in 7 with a PPh,Me group in the location
of the NMe; group. This was supported by an X-ray crystal
structure determination of the related compound Re,(CO),-
[#'-E-CH=CH(PPh,)] (9b) that was obtained from the
reaction of 7 with PPh;, vide infra. Compound 9a is a
zwitterion. The phosphorus atom P(1) is positively charged,

and the proximate rhenium atom Re(1l) formally contains a
negative charge. The phosphorus resonance appears at 6 = 6.55
in the ¥P NMR spectrum. The structure proposed for 9a is
shown in Scheme 6.

Scheme 6. Proposed Structure for 9a

C—H
H-c”

Nl

/N 719 oa

An ORTEP diagram of the molecular structure of 10a is
shown in Figure 5. Compound 10a is structurally similar to 7

Figure 5. ORTEP diagram of the molecular structure of Re,-
(CO)o[n'-1-C(=CH,)(PPh,Me)] (10a), showing 50% thermal
ellipsoid probability. Selected interatomic bond distances (A) are as
follows: Rel—Re2 = 3.08336(16), Rel—C1 = 2.234(2), C1-C2 =
1.342(3), and C1—P1 = 1.789(3).

and 8 except that it contains a terminally coordinated 1-
methyldiphenylphosphonioethenyl ligand, [7'-1-C(=CH,)-
(PPh,Me)], of the type G (Scheme 3) in an equatorial
coordination site on the metal atom Re(1), with Rel—Cl =
2.234(2) A. The Re—Re single bond is long, 3.08336(16) A,
because of steric crowding, and the C1—C2 bond distance is
short, 1.342(3) A, and consistent with its formulation as a C=
C double bond. There is a PPh,Me group bonded to C(1),
C1-P1 = 1.789(3) A. Compound 10a is a zwitterion and
contains a positive charge on the phosphorus atom P(1) and a
formal negative charge on the rhenium atom Re(1). There are
two hydrogen atoms on carbon C(2) that appear as doublets of
doublets in the '"H NMR spectrum: § = 7.09, *Jp_y; = 74.7 Hz,
g = 2.1 Hz, and 6.82, 3Jp_y; = 43.2 Hz, *J;3_y = 2.1 Hz, with
large coupling due to the phosphorus atom and very small
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coupling between the gem-positioned hydrogen atoms. The
resonance of carbon C(2) of the phosphonioethenyl ligand was
observed at § = 154.0 in the *C NMR spectrum with no
observable coupling to the phosphorus atom, while carbon
C(1) was observed at § = 123.7 with a large 'Jp_¢ coupling of
76.9 Hz to the phosphorus atom. The phosphorus atom itself
was observed at 32.90 ppm in the *'P NMR spectrum. The
formation of the CH, group implies the existence of a H-—H
shift in the formation of the —C(=CH,)(PPh,Me) ligand in
104, vide infra. There have been previous reports of terminally
coordinated 1-phosphonioalkenyl ligands that were grepared
by the addition of phosphines to vinylidene ligands."*>"""

An ORTEP diagram of the molecular structure of 1la is
shown in Figure 6. Compound 1la contains a 1-methyl-

P1

HZaX
c2 F c1 O
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Figure 6. ORTEP diagram of the molecular structure of Re,(CO)g[p-
17*-1-C(CH,)(PPh,Me)] (11a), showing a 40% thermal ellipsoid
probability. Selected interatomic bond distances (A) are as follows:
Rel—Re2 = 2.9615(2), Rel—C1 = 2.159(3), Re2—C1 = 2.231(3),
Re2—C2 = 2.275(3), C1-C2 = 1.440(4), and C1-P1 = 1.770(3).

diphenylphosphonioethenyl ligand similar to the 7'-1-C(=
CH,)(PPh,Me) ligand in 10a except that this phosphonioe-
thenyl ligand bridges the two rhenium atoms in a ¢ + 7
coordination by using the carbon atoms C(1) and C(2) of the
C=CH, group. C(1) is o-bonded to Re(l), Rel-Cl =
2.159(3) A, and C(1) and C(2) are z-bonded to Re(2), Re2—
C1 =2.231(3) A and Re2—C2 = 2.275(3) A. The length of the
C(1)—C(2) bond is increased to 1.440(4) A because of its 7-
coordination to Re(2). This compound contains only eight
CO ligands, but the Re—Re bond is still single because of the
7-donation of two electrons from the C=CH, group to Re(2).
In fact, the Re—Re bond is significantly shorter, Rel—Re2 =
2.9615(2) A, than that in 10a because the bridging C=CH,
group pulls the two Re atoms together. Compound 11a is also
a zwitterion. The phosphorus atom P(1) is positively charged.
The negative charge should be delocalized between the two
rhenium atoms. Both metal atoms have 18-electron config-
urations. The two hydrogen atoms on C(2) appear as doublets

of doublets at § = 4.17 (}Jg_y = 2.5 Hz, *Jp_y = 25 Hz) and
2.46 (*Jyy_y = 2.5 Hz, ¥Jp_y = 42 Hz) in the '"H NMR spectrum
because of small H-H and large P—H couplings. The
phosphorus resonance appears at § = 35.86 in the *'P NMR
spectrum. The coordinated carbon atoms C(1) and C(2) are
shifted upfield to 6 = 104.71 (C1, *Jo_c = 9 Hz) and 47.14
(C2) in the C NMR spectrum. There have been a few
previous reports of bridging 1-phosphonioalkenyl ligands.''
Attempts to convert 9a to 10a or 11a by holding a sample of
9a dissolved in toluene-dg at 100 °C for 17 h were completely
unsuccessful.

Compound 10a was decarbonylated by treatment with
Me;NO in CD,Cl, solvent at 48 °C for 2 h and was converted
to 11a in 55% yield by the loss of CO with the formation of
one new compound Re,(CO),(u-H)[u-1*-1-(CH,C)P(Ph)-
Me(0-C¢H,)] (12) in 8.5% vyield by the loss of two CO
ligands. Conversely, when 11a was treated with CO at 30 atm
and 80 °C for 40 h, it was converted back to 10a in 39% yield
by the addition of one CO ligand (Scheme 7).

Scheme 7. Schematic of the Interconversion of Compounds
10a and 11a

Me C
N/ -co N
—Re—Re— ———» —Ré—Re—
-—=
/N /| +CO /N /|1©
10a (80 °C/30 atm) 11a

Compound 12 was also characterized by a combination of
IR, NMR, and single-crystal X-ray diffraction analyses. An
ORTEP diagram of the molecular structure of 12 is shown in
Figure 7. Compound 12 is structurally similar to 11a with a
bridging 1-phosphonioethenyl ligand, except that one of the
phenyl groups has undergone a CH activation at one of the
rhenium atoms, Re(1), at an ortho position, [u-1-C(=
CH,)(P(Ph)Me)(0-C4H,)], Rel—C46 = 2.231(4) A, and
there is a hydrido ligand bridging the Re—Re bond, Rel-H12
= 1.87(5) A and Re2—H12 = 1.82(5) A. The Re—Re bond is
single, Re1—Re2 = 3.0626(2) A, but it is much longer than the
Re—Re distance in 11a (2.9615(2) A) because of the well-
known bond-lengthening effect caused by the bridging hydrido
ligand.*® The bridging C(=CH,) group is ¢ + 7 coordinated
to the two rhenium atoms: Re1—C1 = 2.263(3) A, Rel—-C2 =
2.396(4) A, Re2—C1 = 2.200(4) A, and C1-C2 = 1.379(5) A.
All remaining bond distances are similar to those in 11a. The
'"H NMR spectrum of 12 exhibits the following prominent
resonances: a singlet at 6 = —13.50 for the bridging hydrido
ligand and two doublets at § = 5.56 (}Jp_y = 30.6 Hz) and 4.96
(*Jp_u = 42.6 Hz) for the gem-positioned hydrogen atoms on
atom C(2). The phosphorus resonance was observed at § =
41.8 in the P NMR spectrum. Compound 12 is a zwitterion
like 11a, and both metal atoms have 18-electron config-
urations.

The reaction of 7 with PPh; in CD,Cl, solvent at 48 °C for
32 h yielded two new products: Re,(CO),[n'-E-CH=
CH(PPh;)] (9b) in 16% yield and Re,(CO)s[u-#*-C(=
CH,)(PPh;)] (11b) in 32% yield. There was no evidence of a
PPh; homologue of 10a obtained from this reaction.
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Figure 7. ORTEP diagram of the molecular structure of Re,(CO),(u-
H)[u-1*-1-(CH,C)P(Ph)Me(0-C4H,)] (12) showing a 25% thermal
ellipsoid probability. Selected interatomic bond distances (A) are as
follows: Rel—Re2 = 3.0626(2), Rel—C1 = 2.263(3), Rel-C2 =
2.396(4), Re2—C1 = 2.200(4), Re1—C46 = 2.231(4), Rel—-HI2 =
1.87(5), Re2—H12 = 1.82(5), C1—-C2 = 1.379(5), and P1-C41 =
1.770(4).

Compounds 9b and 11b were characterized by a combination
of IR, NMR, and mass spectral analyses and also by single-
crystal X-ray diffraction analyses.

An ORTEP diagram of the molecular structure of 9b is
shown in Figure 8. Compound 9b has a molecular structure
similar to those of 7 and 8 and the one proposed for 9a, see
above, except that it contains a 2-triphenylphosphonioethenyl
ligand, 7'-2-E-CH=CH(PPh;), in the location of the
ammonioethenyl ligands observed in 7 and 8, Rel—Cl =
2.165(3) A. The Re—Re single bond, 3.04186(18) A, is similar
in length to that observed in Re,(CO),o, 3.041(1) A.** The
C1=C2 double bond is short, 1.341(4) A, as expected and has
an E stereochemistry as observed in 7 and 8. The C2—P1
single-bond length, 1.763(3) A, is similar to the C1—P1 bond
length observed in 10a and 1la. Compound 9b is also a
zwitterion of type F and similar to 7 and 8. The phosphorus
atom P(1) is positively charged, and the negative charge is
formally localized on the rhenium atom Re(1). The 'H NMR
spectrum of 9b exhibits two doublets of doublets at 6 = 10.10
(dd, 1H, 3Jyy_g = 19.5 Hz, *Jp_i = 36.9 Hz) and 6.95 (dd, 1H,
g-u = 19.5 Hz, ?Jp_yy = 41.4 Hz) as a result of mutual
coupling of the protons on the ethenyl carbon atoms and to
the phosphorus atom on C2. The phosphorus resonance was
observed at § = 10.28 in the *P NMR spectrum.

Interestingly, we found no evidence for the formation of
compounds 9b and 11b from an attempted reaction of
Re,(CO),(PPh;)*” with C,H, by heating a solution in CD,Cl,
solvent to 45 °C for 48 h, which tends to rule out the
possibility that they were formed by the insertion of C,H, into
the Re—P bond of Re,(CO),(PPh;).

There are two independent formula equivalents of 11b in
the asymmetric crystal unit. Both molecules are structurally

Figure 8. ORTEP diagram of the molecular structure of Re,(CO),[E-
CH=CH(PPh;)] (9b), showing a 40% thermal ellipsoid probability.
Selected interatomic bond distances (A) are as follows: Rel—Re2 =
3.04186(18), Re1—Cl1 = 2.165(3), C1—C2 = 1.341(4), and C2—P1 =
1.763(3).

similar. An ORTEP diagram of the molecular structure of one
of these is shown in Figure 9. Compound 11b has virtually the
same structure as 11a except that there is a third phenyl group
on the phosphorus atom of the bridging triphenylphosphonio-
ethenyl ligand, 7>-1-C(=CH,)(PPh,), instead of a methyl
group. Compound 11b is also a zwitterion similar to 11a. The
two hydrogen atoms on C(2) appear as doublets of doublets at
6 =436 (Jy_y = 2.1 Hz, 3Jp_y; = 25.2 Hz) and 2.69 (*Jyy_y =
2.1 Hz, Jp,_y; = 44.1 Hz) in the '"H NMR spectrum with large
coupling due to the phosphorus atom and small coupling
between the gem-positioned olefinic hydrogen atoms. The
phosphorus resonance appears at 5 = 37.21 in the *'P NMR
spectrum.

It was somewhat unexpected to find the formation of
zwitterions 10a, 11a, 11b, and 12 which contain a C=CH,
grouping in these reactions using the reagent HC=CH.
However, there are a number of previous reports that
demonstrate the formation of vinylidene C=CH, ligands
from ethyne, HC=CH, by hydrogen shifts in the presence of
metal atoms.””’ Evidence has been presented for two
mechanisms for these hydrogen atom shifts: (1) a 1,2-
carbon-to-carbon “concerted” hydrogen shift*® and (2) a 1,2-
hydrogen shift involving a metal-containing intermediate with
a hydride and acetylide ligand formed by the oxidative addition
of a CH bond to a metal atom.”

To gain some insight into which of these mechanisms might
be preferred in the reactions with this dirhenium complex, an
ADF DFT analysis of the transformation of compound 7 to
10a was performed. This analysis began with the removal of
the NMe; group from the structure of 7 and was followed by a
geometry-optimized (GO) refinement that led to the species
Re,(CO)y(7*-HCCH) (I1) having an #*-coordinated C,H,
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Figure 9. ORTEP diagram of the molecular structure of Re,(CO)g[-
17*-C(CH,)PPh;] (11b), showing a 40% thermal ellipsoid probability.
Selected interatomic bond distances (A) are as follows: Rela—Re2a =
2.9298(2), Rela—Cla = 2.259(3), Rela—C2a = 2.317(3), Re2a—Cla
= 2.166(3), Cla—C2a = 1.419(5), Relb—Re2b = 2.9448(2), Relb—
CIb = 2.275(4), Relb—C2b = 2.333(3), Re2b—C1b = 2.166(3), and
C1b—C2b = 1.415(5).

ligand, with C—C = 1.256 A, in an equatorial position on one
of the Re atoms. The GO structure I1 is shown in the top left
corner of Figure 10. I1 has an energy of AG = +3.87 kcal
relative to the final vinylidene product I3; see the energy-level
diagram, AG versus the reaction coordinate, shown in Figure
11. Complex I1 proceeded to a second intermediate I2 via the
transition state TS1, AG = +27.2 kcal/mol, having an (77-
HCCH) ligand coordinated to one of the Re atoms by rotating
the acetylene ligand around its bond to the Re atom. TS1
proceeded spontaneously to the intermediate I2 which
contains an #n*-coordinated CH bond to the rhenium atom,

TS2
+32.0

TS1

AG (kcal/mol)

Y

Reaction coordinate

Figure 11. DFT energy-level diagram for intermediates and transition
states for the transformation of a HC,H ligand into a CCH, ligand in
a Re,(CO), complex.

with Re—C = 2.180 A and Re—H = 1.855 A, and the C-H
bond lengthened from 1.084 A in I1 to 1.249 A in I2. 12 has an
energy of AG = +23.0 kcal above the product I3. The next step
involves a hydrogen shift to the distal carbon proceeding
through the transition state TS2, +32.0 kcal above the product
I3. I3 contains a linearly coordinated 5'-C=CH,, vinylidene
ligand, terminally coordinated to only one Re atom, Re—C =
1.963 A, and a C=CH, double bond of 1.305 A. I3 has the
lowest energy across this potential energy surface.

B DISCUSSION

In this work, we have obtained complexes 6 and 7 from the
reaction of Re,(CO);, with C,H, in the presence of Me;NO in
a CD,Cl, solution (Scheme 8). Compounds 6 and 7 were
formed rapidly as soon as the reagents were mixed. It was
subsequently found that 7 can also be obtained from 6 by
reaction with C,H,, but this reaction is very slow (hours) at
room temperature. The formation of 7 from 6 and C,H, is
tantamount to the insertion of a C,H, molecule into the Re—N

e

Intermediate
Re,(CHCH) 11

Intermediate CH-CH 12

A

T-shape product 13

Figure 10. DFT geometry-optimized structures for the transformation of the HC,H ligand into a CCH, ligand in a Re,(CO), complex.
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Scheme 8. Schematic of the Formation of Compounds 6—8
from Re,(CO),,”

+ CyH, \/
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“+ and — signs show the assigned locations of the zwitterionic

charges. The CO ligands are represented only as lines from the Re
atoms.

bond of 6. There have been reports that claim the insertion of
C,H, into Re—P bonds to yield phosphonioethenyl
ligands,ga’b’j but we are skeptical of a direct insertion
mechanism for the insertion of C,H, into the Re—N bond
of 6 because both rhenium atoms in 6 have 18-electron
configurations and there is no vacant site for a precoordination
of a C,H, molecule. Instead, because NMe; is regarded as a
labile ligand,16 we favor a NMe,;/C,H, substitution mechanism
that would proceed through a Re,(CO),(C,H,) intermediate
such as I1 that could then re-add NMe; directly to one of the
carbon atoms of the C,H, ligand. In previous studies, we have
shown that NMe; can be added to a C,H, ligand to yield a
zwitterionic ammonioethenyl ligand.'*

In the presence of NEt;, compounds 6 and 7 and the NEt;
zwitterionic compound 8 were obtained from the reaction of
Re,(CO),, with C,H, in the presence of Me;NO (Scheme 8).

We were unable to obtain 8 from 7 by reaction with NEt;,
but 7 did react slowly with tertiary phosphines by substitution
of the NMe; group to yield the series of zwitterionic 1- and 2-
phosphonioethenyl dirhenium complexes 9a,b, 10a, and 11a,b
(Scheme 9). These reactions are proposed to proceed via a
dissociative elimination of a molecule of NMe; from the
ammonioethenyl ligand in 7 to yield the series of intermediates
I1, 12, and I3, as shown in Figure 10, which proceed to yield
the 2-phosphosphonioethenyl compounds 9a and 9b by direct
addition of a phosphine to a carbon atom in I1 and the 1-
phosphosphonioethenyl 10a, 11a, and 11b by direct addition
of a phosphine to the a-vinylidene carbon atom in I3,
respectively. The leaving-group ability of the onium group is
believed to play an important role in the reactivity of onium
ylides.*

Compounds 11a and 12 were obtained by Me;NO-induced
decarbonylation of one and two additional CO ligands from
10a. It is notable that 9a cannot be transformed to 10a or 11a,
which indicates that the H-shift on the C,H, group must occur
before the phosphine ligand is added to it.

B CONCLUSIONS

Ethyne and selected tertiary amines, NR;, R=Me, and Et, can
be combined with a Me;NO-decarbonylated form of
Re,(CO) to yield dirhenium complexes containing terminally
coordinated zwitterionic 2-trialkylammonioethenyldirhenium

12271

Scheme 9. Schematic of the Formation of the 1- and 2-
Phosphonioethenyldirhenium Carbonyl Complexes
Reported in This Study from Compound 7¢

Me  Me
\ Ho _H
@lN‘Me ~o”
\ H\lc//C\H Hec=c-H / lCI'
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“+ and — signs show the assigned locations of the zwitterionic

charges. The CO ligands are represented only as lines from the Re
atoms.

carbonyl complexes by the formation of a C—N bond between
the amine and ethyne and a Re—C bond between the second
carbon atom of the ethenyl group and the rhenium atom of the
Re(CO), group. One of these complexes, 7, was found to yield
related zwitterionic 2-phosphonioethenyldirhenium complexes
by the substitution of the NMe; group with tertiary
phosphines. The reactions of 7 with tertiary phosphines also
yielded zwitterionic dirhenium complexes containing terminal
and (6 + x)-coordinated bridging 1-phosphonioethenyl,
H,C=C(*PR;), ligands. DFT calculations indicate that the
1-phosphonioethenyl ligand is formed by an intramolecular
1,2-C to C hydrogen shift of an ethyne ligand to yield an
incipient vinylidene, C=CH,, ligand that is followed by the
addition of a free phosphine molecule to the hydrogen-free
carbon atom at the 1-position. These new zwitterionic
complexes may lead to new organic molecules and ligands in
reactions with selected unsaturated hydrocarbons under
suitable conditions.”*" Further studies are in progress.
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