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Abstract: Both (PNP)Re(H); and (PNP)ReH(cyclooctyne) (PNPP" = (Pr,PCH,SiMe;),N) react with
alkylpyridines NCsH4R to give first (PNP)ReH(»?-pyridyl) and cyclooctene and then, when not sterically
blocked, (PNP)Re(?-pyridyl), and cyclooctane. The latter are shown by NMR, X-ray diffraction, and DFT
calculations to have several energetically competitive isomeric structures and pyridyl N donation in preference
to PNP amide s-donation. DFT studies support NMR solution evidence that the most stable bis pyridyl
structure is one that is doubly 7?- with the pyridyl N donating to the metal center. When both ortho positions
carry methyl substituents, cyclooctane and the carbyne complex (PNP)ReH(=C-pyridyl) are produced.
Excess 2-vinyl pyridine reacts with (PNP)Re(H). preferentially at the vinyl group, to give 2-ethyl pyridine
and the o-vinyl complex (PNP)ReH[;2-CH=CH(2-py)]. The DFT and X-ray structures show, by various
comparisons, the ability of the PNP amide nitrogen to z-donate to an otherwise unsaturated d* Re'" center,
showing short Re—N distances consistent with the presence of w-donation.

Introduction Scheme 1

Re]H +  3H,C=CHy; ——
The fragment (PNP)Re (Scheme 1) has the ability to trans- Y [Relhe S REHIECCR) =+ 2CaHe

form ethylené and other olefinkto hydrido carbynes (Scheme z2re
1). Transformation of small molecules into ligands with a H HH
multiple metat-carbon bond must be viewed as characteristic /A 3ea. © [R\e]/
of highly basic and reducing metal centér&® Re, devoid of b) [Re]\\H —_— > +2(CHp)s  [Re] = (PNPP)Re
any significantz-acid ligand, certainly falls into such a category. H 110 °C O
We were interested in further evaluating the reactivity of this 1 1 hour 2

fragment, this time toward substituted pyridines. Pyridines and

other heterocycles are especially interesting substrates for metaloxidative addition of the aromatic-€H bond of pyridine!!

catalyzed reactions. Pyridines are a ubiquitous presence iny>-C,N-12-1¢ and 5?-C,C-coordination mode¥/:'8 and single-

transition metal chemistry. The more classical mode of coor- electron reduction of ap!-N-coordinated pyridiné?

dination of pyridines is;'-coordination via the lone pair of N, Here we present a report on the reactivity of i€ bonds in

i.e., pyridine acts as a simple neutral 2e Lewis base. However, pyridines, both aromatic and benzylic. In contrast to the recently

several alternative metapyridine interactions have been reported Pt cas® here we observe not only the activation of

documented in cases where the metal center is electron rich:the pendant C(€p—H bonds of substituted pyridines but also

activation of C-H bonds on the aliphatic substituents on the
TPresent address: Department of Chemistry, Brandeis University, pyridine ring and on the pyridine ring itseff22Our results show

MS015, Waltham, MA 02454. that the N-donor site exerts a directing influence on the outcome
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of the activation of G-H bonds, similar to that observed by
others in pyridines and other heterocyclek.20

To make the new Recarbon bonds in the reaction in Scheme
1, the Re center in (PNP)RgH, has to lose the hydrides, which

in this case is accomplished by hydrogenation of excess olefin.

To make new ReC bonds in reactions with substrates that do
not possess Haccepting functionalities, a different approach

(PNPP)ReH(4-Methyl-2-pyridyl) (4a). (PNPP)ReHy(cyclooctyne)
(50 mg, 72umol) was dissolved in 0.6 mL of cyclooctane, and
4-methylpyridine (30uL, 310 umol) was added. This mixture was
heated for 15 min at 110C. 3P NMR showed>99% conversion to
the product. The volatiles were removed in vacuo, leaving a bright-red
0il. C3oHseN3P.ReS}, Caled (Found): C, 47.22 (47.31); H, 7.40 (7.25);
N, 5.51 (5.55)*H NMR (CsDg): 6 7.15 (d, 1H, 8 Hz, arom CH), 6.42
(s, 1H, arom CH), 5.30 (d, 1H, 8 Hz, arom CH), 1.77 (s, 3H, pyridyl-

must be taken. Either the formation of new bonds to Re is cH;), 1.74 (m, 4H, PEl), 1.15 (apparent q (dvt), 8 Hz, 6H, PCH

thermodynamically favorable enough to expel freg dd an
additional, sacrificial Hacceptor must be introduced. We report

CHj3), 1.00 (apparent q (dvt), 8 Hz, 6H, PCtCH3), 0.94 (apparent q
(dvt), 8 Hz, 6H, PCH-CHj3), 0.88 (apparent g (dvt), 8 Hz, 6H, PCH

here examples of both types of behavior, with cyclooctene CHs), 0.72 (AB dvt,Juy = 15 Hz,Jup = 4 Hz, 2H, PGH;Si), 0.67 (AB

suitably serving as a sacrificialtcceptor. We also report that
the compound (PNP)Reftyclooctyne),2, incorporating the

elements of cyclooctene on a (PNP)Re center, can serve as 348 ().

source of “naked (PNP)Re” via loss of cyclooctene or, upon
hydrogenation, of cyclooctane.

Experimental Section

General Considerations.All manipulations were performed using

standard Schlenk techniques or in an argon-filled glovebox unless

otherwise noted. Pentanggchexane, tetramethylsilane, cyclooctane,
cyclohexane, cyclooctene,s0s, C/Dg, and GDi» were vacuum-

dvt, Juy = 15 Hz,Jue = 4 Hz, 2H, PC,Si), 0.37 (s, 6H, Si€l3), 0.36
(s, 6H, SiGH3), —3.91 (t, 13 Hz, 1H, Ri). 3P{H} NMR (CeDe): o
13C{1H} NMR (CeDe): 6 170.5 (t, 6 Hz, ReE), 143.2 (s,
aromC-Me), 139.1 (s, arom CH), 128.2 (s, arom CH), 113.6 (s, arom
CH), 31.1 (t, 12 Hz, RGH), 24.1 (t, 9 Hz, PCH), 20.9 (s, pyridyl-
CHj3), 19.8 (s, PCHEH3), 19.4 (s, PCHEHg), 18.1 (s, PCHEH3), 16.6
(s, PCHECH), 13.5 (s, EH,Si), 6.3 (s, SCH3), 6.2 (t, 2 Hz, SCHy).
Elem. Anal. for (GsHs:N2P.ReSp), Calcd (Found): C, 42.90 (43.02);
H, 7.65 (7.78); N, 4.17 (4.19).

(PNPP)ReH(4+-Butyl-2-pyridyl) (4b). 4b was observed in situ
during thermolyses oR in the presence oBb. 'H NMR (4-tert-
butylpyridine/cyclo-GHiz): 6 —3.85 (t, 13 Hz, 1H, Rd). 3P{'H}

transferred from NaK/benzophenone/18-crown-6. Hexamethyldisiloxane NMR (4-tert-butylpyridine/cyclo-GH12): 6 35.3 (s).

was distilled from NaK alloy. Substituted pyridines were fractionally
distilled from CaH. (PNP?)ReH,; (1) was prepared by the methodology
used to prepare (PNBReH, (Cy = cyclohexyl)! Full details will be
published in a separate repditt NMR chemical shifts are reported in
parts per million relative to protio impurities in the deuterated solvents
or by external referencing in protio solvent¥ spectra are referenced
to external standards of 85%;PO, (at O ppm). NMR spectra were
recorded with a Varian Gemini 2000 (300 MH4; 121 MHz3'P; 75
MHz 1%C), a Varian Unity Inova instrument (400 MH#; 162 MHz
31p; 101 MHZz!C), or a Varian Unity Inova instrument (500 MH&,
126 MHz C). Elemental analyses were performed by CALI, Inc.
(Parsippany, NJ).

(PNPP")ReHx(Cyclooctyne) (2).(PNPP)ReH,; (1) (200 mg, 343
umol) was dissolved in 1 mL of MSiOSiMe and treated with
cyclooctene (0.4 mL, 3.1 mmol). The mixture was kept af@Cor 1
h during which time the solution turned light-red. The solution was

(PNPP)ReH(6-Ethyl-2-pyridyl) (4c). (PNPPReHy(Cyclooctyne)
(25 mg, 36umol) was dissolved in 0.6 mL of 2-ethylpyridine and heated
for 10 h at 110°C. The volatiles were removed in vacuo, leaving a
bright-red oil. Attempts to obtain the product in the solid state by
crystallization failed. The crude product, however, appears to be
analytically pure as indicated by NMRH NMR (C¢Dg): 6 6.54 (d,
1H, 8 Hz, arom CH), 6.49 (t, 1H, 8 Hz, arom CH), 5.45 (d, 1H, 8 Hz,
arom CH), 2.43 (q, 7 Hz, 2H, I8,CHjs), 1.77 (m,Jun = 7 Hz, 2H,
PCH), 1.70 (m,Jus = 7 Hz, 2H, P®), 1.10 (t, 7 Hz, 3H, CKCHy),
1.09 (apparent q (dvt), 8 Hz, 6H, PCHCH3), 1.03 (apparent g (dvt),

8 Hz, 6H, PCH-CHg3), 0.89 (apparent q (dvt), 8 Hz, 6H, PCKH3),
0.87 (apparent g (dvt), 8 Hz, 6H, PCHCH3), 0.69 (AB dvt,Jun = 15
Hz, Jue = 4 Hz, 2H, PQ4,Si), 0.66 (AB dvt,Juy = 15 Hz,Jup = 4
Hz, 2H, PQH,Si), 0.37 (broad (2 overlapping singlets), 12H, By}
—3.73 (t, 13 Hz, 1H, RH). 3P{*H} NMR (CeDg): 6 33.9 (s).
B3C{H} NMR (C¢Dg): 0 169.0 (t, 6 Hz, Re€), 151.3 (s, aronC-Et),

filtered to remove a minor amount of insolubles and placed in the freezer 133 g (s, arom CH), 125.6 (s, arom CH), 111.6 (s, arom CH), 30.3 (t

at—30°C for 24 h. The pink precipitate was collected by decantation,
washed with cold SiMg and dried in vacuo. Yield: 205 mg (87%).
1H NMR (C;Dg): 0 3.31 (t, 6 Hz, 4H, cyclooctyne), 2.61 (= 7
Hz, 2H, PQH), 1.94 (m,Jun = 7 Hz, 2H, P®), 1.79 (br m, 4H,
cyclooctyne), 1.48 (AB dvt)un = 14 Hz,Juwp = 4 Hz, 2H, PCH.Si),
1.37 (br m, 4H, cyclooctyne), 1.21 (overlapping multiplets, 18 H, PCH
CHj3), 1.13 (apparent q (dvt), 8 Hz, 6H, PCHH3), 1.09 (AB dvt,
Jun = 14 Hz,Jup = 4 Hz, 2H, PGH,Si), 0.31 (s, 6H, Si€3), 0.02 (s,
6H, SiCH3), —3.45 (dt,Jun = 10 Hz, Jup = 30 Hz, 1H, Rél), —6.54
(apparent quartetlyy = 10 Hz, Jup = 12 Hz, 1H, Réd). 31P NMR
(C7Dg, =76 °C): 0 54.5 (br), 36.5 (br)3*P{*H} NMR (C;Dg, 22 °C):
0 44.1 (br s).13C{H} NMR (C;Dg): 6 190.4 (t, 8 Hz, &C of
cyclooctyne), 35.7 (s, CHof cyclooctyne), 29.3 (vt, 14 Hz, BH),
27.4 (s, CH of cyclooctyne), 26.8 (vt, 10 Hz, BH), 26.4 (s, CH of
cyclooctyne), 20.4 (s, PCI@H3), 19.6 (s, PCHSH3), 18.8 (s, PCH-
CHg), 18.5 (s, PCHEH3), 18.1 (br s, BH,Si), 4.8 (s, SCH3), 4.6 (br
S, SCH3). Elem. Anal. for GeHsgNP.ReS}. Found (Calcd): C, 45.19
(45.32); H, 8.53 (8.48); N, 1.96 (2.03).

Compounds4 and 5 can be prepared either by reaction of an
appropriate pyridine reagent with or with [1 + 3 equiv of cy-
clooctene]. Representative detailed descriptions are given below.

(21) Canty, A. J.; Patel, J.; Skelton, B. W.; White, A. H.Organomet. Chem.
200Q 607, 194.
(22) Retboll, M.; Ishii, Y.; Hidai, M.Chem. Lett1998 12, 1217.
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12 Hz, PCH), 27.9 (s,CH,CHg), 25.1 (t, 9 Hz, PEH), 19.4 (s, PCH-
CHj3), 19.2 (s, PCHEH3), 18.5 (s, PCHEHg), 16.9 (s, PCHEH3), 13.3
(s, FCHSi), 12.4 (s, CHCHj3), 6.4 (s, SCHa3), 6.1 (t, 2 Hz, SCHy).
(PNPP)Re(4-Methyl-2-pyridyl), (5a). (PNPP)ReH, (20 mg, 34
umol) and cyclooctene (1L, 113 umol) were dissolved in 0.6 mL
4-methylpyridine and heated for 10 h at 130. The volatiles were
removed in vacuo, leaving an orange solid, pure as indicated by NMR.
Recrystallization from pentane yielded 19 mg (73%) of product as a
mixture of isomers (4:1 ratio at 22C). Major Isomer. 'H NMR
(CeDe): 6 7.60 (d, 2H, 4 Hz, arom CH), 6.63 (s, 2H, arom CH), 5.51
(d, 2H, 4 Hz, arom CH), 1.73 (s, 6H, pyridylHg), 1.40 (m,Jun = 7
Hz, 4H, P®), 0.96 (apparent q (dvt), 8 Hz, 12H, PCi&Hs;), 0.93 (t,
Jwe = 4 Hz, 4H, P®,Si), 0.73 (apparent g (dvt), 8 Hz, 12H,
PCH-CHs), 0.60 (s, 12H, Si€ls). 31P{H} NMR (CeDs): 0 20.5 (s).
B3C{H} NMR (C¢D¢): 0 181.3 (t, 6 Hz, ReE), 143.1 (s, aronC-Me),
140.8 (s, arom CH), 125.0 (s, arom CH), 116.7 (s, arom CH), 25.1 (t,
10 Hz, PCH), 21.2 (s, pyridyl€Hs3), 18.5 (s, PCHZH3), 17.6 (s, PCH-
CHy), 14.2 (s, BH,Si), 6.1 (s, SCH3). Minor Isomer. *H NMR (CgDe,
selected resonances): 7.90 (d, 1H, 4 Hz, arom CH), 7.65 (d, 1H, 4
Hz, arom CH), 7.25 (s, 1H, arom CH), 6.34 (s, 1H, arom CH), 5.73 (d,
1H, 4 Hz, arom CH), 5.59 (d, 1H, 4 Hz, arom CH), 1.97 (s, 3H, pyridyl-
CHs), 1.67 (s, 3H, pyridyl-El3), 0.65 (s, 6H, Si€l3), 0.51 (s, 6H,
SiCH3). **P{*H} NMR (CgDg): 6 20.9 (s).**C{*H} NMR (C¢Dg): o
203.3 (t, 6 Hz, ReE), 175.3 (t, 6 Hz, ReE), 143.3 (s, aronC-Me),
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142.9 (s, aronC-Me), 141.1 (s, arom CH), 140.6 (s, arom CH), 125.6
(s, arom CH), 124.5 (s, arom CH), 117.6 (s, arom CH), 114.2 (s, arom
CH), 26.5 (t, 9 Hz, ReH), 26.1 (t, 10 Hz, ReH), 21.23 (s, pyridyl-
CHs), 21.19 (s, pyridyl€H3), 18.5 (s, PCHEHg), 18.4 (s, PCHEH3),
18.04 (s, PCH=H3), 17.95 (s, PCHzH3), 14.4 (s, BHSI), 6.3 (s,
SiCH3), 4.5 (s, SCH3). Elem. Anal. for (GoHseNsP,ReSp), Calcd
(Found): C, 47.22 (47.31); H, 7.40 (7.25); N, 5.51 (5.55).
(PNPP)Re(44-Butyl-2-pyridyl) , (5b). (PNP?)ReH, (30 mg, 51
umol) and cyclooctene (28L, 173 umol) were dissolved in 0.5 mL
cyclohexane, and tert-butylpyridine (0.1 mL) was added to it. This
mixture was heated at 110C while being monitored by NMR
periodically. After 5 days, the conversion to the product>i89%
complete. The volatiles were removed in vacuo at’@Q leaving an
orange solid, pure as indicated by NMR. The high solubility of the

compound makes recrystallization an inadequate purification method;

leaving behind a brown-red oil. Attempts to obtain the product in the
solid state by crystallization failed. The crude product appears to be
analytically pure as indicated by NMRH NMR (C¢Dg): 6 7.03 (d,
1H, 8 Hz, arom CH), 6.94 (t, 1H, 8 Hz, arom CH), 6.66 (d, 1H, 8 Hz,
arom CH), 2.39 (mJun = 7 Hz, 2H, PQ), 2.35 (s, 3H, pyridyl-Els),
1.88 (M,Jun = 7 Hz, 2H, PC), 1.33 (apparent q (dvt), 8 Hz, 6H,
PCH-CHg3), 1.24 (apparent g (dvt), 8 Hz, 6H, PCKH3), 1.10
(apparent q (dvt), 8 Hz, 6H, PCHCH3), 1.05 (apparent g (dvt),

8 Hz, 6H, PCH-CH3), 0.90 (AB dvt,Jun = 15 Hz,Jup = 4 Hz, 2H,
PCH,Si), 0.82 (AB dvt,Jun = 15 Hz,Jup = 4 Hz, 2H, PE,Si), 0.42

(s, 6H, SiGH3), 0.32 (s, 6H, Si€l3), —9.16 (t, 15 Hz, 1H, Ri). 3P-
{*H} NMR (CgDg): 0 59.0 (s).2*C{*H} NMR (C¢D¢): 0 269.3 (t, 12
Hz, Re=C), 168.3 (br s, aron€), 158.0 (s, aronC), 135.3 (s, arom
CH), 119.6 (s, arom CH), 118.9 (s, arom CH), 29.8 (t, 13 HZH;
29.6 (t, 10 Hz, PeH), 24.7 (s, CHCH3), 20.5 (s, PCHEH3), 19.1 (s,

however, the crude product was 99% pure as indicated by NMR. The PCH-CHs), 18.9 (s, PCHEH3), 17.5 (s, PCHEH3), 10.1 (s, H:SI),

product exists as a mixture of isomers (5:1 ratio at°2). Major
Isomer. 'H NMR (CgDg¢): 6 7.64 (d, 2H, 4 Hz, arom CH), 6.91 (s,
2H, arom CH), 5.69 (d, 2H, 4 Hz, arom CH), 1.17 (s, 18H, pyridyl-
CMe3), 1.43 (M, Jun = 7 Hz, 4H, PCH), 0.99 (apparent g (dvt), 8 Hz,
12H, PCH-CHj3), 0.96 (t,Jup = 4 Hz, 4H, PC,Si), 0.73 (apparent q
(dvt), 8 Hz, 12H, PCH-CHs), 0.63 (s, 12H, SiBl3). *P{*H} NMR
(CeDg): 6 19.5 (s).23C{*H} NMR (CeDe): 6 179.9 (t, 6 Hz, Reg),
156.1 (s, aronC-CMes), 140.9 (s, arom CH), 121.6 (s, arom CH),
113.0 (s, arom CH), 34.5 (€£Mes), 30.2 (s, pyridyl-CCHs)), 25.2
(t, 10 Hz, PCH), 18.5 (s, PCHEH3), 17.8 (s, PCHEH3), 14.8 (s,
PCH,Si), 6.1 (s, SCH3). Minor Isomer. *H NMR (CgDs, selected
resonances)d 8.00 (d, 1H, 4 Hz, arom CH), 7.79 (d, 1H, 4 Hz, arom
CH), 7.54 (s, 1H, arom CH), 6.59 (s, 1H, arom CH), 5.94 (d, 1H, 4
Hz, arom CH), 5.77 (d, 1H, 4 Hz, arom CH), 1.32 (s, 9H, pyridyl-
CMes), 1.14 (s, 9H, pyridyl-®es3), 0.66 (s, 6H, Si€l3), 0.54 (s, 6H,
SiCH3). 3*P{*H} NMR (C¢Dg): 6 20.4 (s).2*C{*H} NMR (CgD¢): 0
203.9 (t, 6 Hz, ReE), 175.2 (t, 6 Hz, ReE), 156.5 (s, aronC-CMey),
155.5 (s, aronC-CMes), 141.5 (s, arom CH), 140.6 (s, arom CH),
125.9 (s, arom CH), 122.6 (s, arom CH), 113.6 (s, arom CH), 110.2 (s,
arom CH), 34.4 (sCMes), 34.3 (s,CMes), 30.7 (s, pyridyl-CCHj3)),
30.1 (s, pyridyl-CCHa)), 26.8 (t, 9 Hz, PEH), 26.1 (t, 10 Hz, FCH),
18.5 (s, PCHEH3), 18.3 (s, PCHEH3), 17.9 (s, PCHEH3), 17.8 (s,
PCH-CH3), 14.3 (s, EH,Si), 6.3 (s, SCH3), 4.3 (s, SCH3).
(PNPPr)ReH;(4-Methyl-2-pyridyl) (6a). (PNPP)ReH(4-methyl-2-
pyridyl) (32 mg, 47umol) was dissolved in 0.6 mL of Ds in a J.

7.3 (s, SCH3), 6.4 (t, 2 Hz, SCH3).
(PNPPr)ReH(=C-(4,6-Dimethyl-2-pyridyl)) (7b). (PNP")RekH;-
(cyclooctyne) (25 mg, 3amol) was dissolved in 0.6 mL of cyclooctane,
and 0.1 mL 2,4,6-trimethylpyridine was added to the mixture. It was
heated for 30 min at 116C. The volatiles were removed in vacuo,
leaving behind a brown-red oil. Attempts to obtain the product in solid
state by crystallization failed. The crude product appears to be
analytically pure by NMR*H NMR (CgDg): 6 6.51 (s, 1H, arom CH),
6.43 (s, 1H, arom CH), 2.43 (s, 3H, pyridyHg), 2.40 (m,Jun = 7
Hz, 2H, PQ), 2.37 (s, 3H, pyridyl-El3), 1.89 (m,Jun = 7 Hz, 2H,
PCH), 1.36 (apparent g (dvt), 8 Hz, 6H, PCICH3), 1.26 (apparent g
(dvt), 8 Hz, 6H, PCH-CH3), 1.11 (apparent g (dvt), 8 Hz, 6H, PCH
CHj3), 1.06 (apparent q (dvt), 8 Hz, 6H, PCHCH3), 0.91 (AB dvt,
Jun = 15 Hz,Jup = 4 Hz, 2H, P®,Si), 0.84 (AB dvt,Jun = 15 Hz,
Jwp = 4 Hz, 2H, PQ,Si), 0.43 (s, 6H, SiBls), 0.32 (s, 6H, Si€l3),
—9.26 (t, 15 Hz, 1H, RE). 33P{*H} NMR (Ce¢De): o 59.1 (s).
BC{*H} NMR (CsDg¢): 0 269.8 (t, 12 Hz, R==C), 168.2 (br s, arom
C), 157.8 (s, aronC), 146.0 (s, aronC), 120.5 (s, arom CH), 120.3
(s, arom CH), 29.8 (t, 13 Hz, BH), 29.6 (t, 10 Hz, ReH), 24.5 (s,
pyridyl-CHs), 20.5 (s, PCHEH3), 20.4 (s, pyridyl€H3), 19.2 (s, PCH-
CH3), 18.9 (s, PCHEH3), 17.5 (s, PCHEH3), 10.2 (s, BHSI), 7.3
(s, SICH3), 6.4 (t, 2 Hz, SCH3).
(PNPPReH(Pyridylvinyl) (8). (PNP)ReH, (25 mg, 43umol) was
dissolved in 0.3 mL of hexamethyldisiloxane, and 2-vinylpyridine (14.0
uL, 130 umol) was added to the mixture. Overnight and at ambient

Young tube. This solution was degassed, and the headspace of the NMRemperature, dark-brown crystals formed and were collected by

tube was filled with 405 Torr of K(approximate volume 2 mL, ca. 48
umol). After 20 min, a mixture containing @&a (55%),4a (30%), and
1 (15%) formed. Thé'P NMR peak ofl was very broad, presumably
because of slow equilibrium with its adduct with 4-methylpyridine
(liberated by hydrogenation @&&a). 'H NMR (CsD¢): 6 7.77 (d, 1H, 8
Hz, arom CH), 6.55 (s, 1H, arom CH), 5.63 (d, 1H, 8 Hz, arom CH),
1.74 (s, 3H, pyridyl-Gls), 1.87 (m, 2H, PE), 1.47 (m, 2H, PEl),
1.15 (two overlapping apparent q (dvt), 12H, P€EHs), 1.09
(apparent g (dvt), 8 Hz, 6H, PCHCH3), 0.74 (apparent q (dvt), 8 Hz,
6H, PCH-CHj3), 0.53 (s, 6H, Si€ls), 0.43 (s, 6H, SiEl3), —5.44 {(t,
22 Hz, 3H, Reél3), the P-CH,—Si signals were obscured by other
signals in this mixture*P{H} NMR (C¢D¢): 0 48.7 (s).13C{*H} NMR
(CsDs, selected resonances): 184.9 (t, 6 Hz, ReE), 28.8 (t, 12 Hz,
P-CH), 26.2 (t, 10 Hz, REH), 20.8 (s, pyridyl€Hs), 19.6 (s, PCH-
CHs), 18.6 (s, PCHEH3), 18.4 (s, PCHEH), 17.5 (s, PCHEHg), 12.2
(s, RCHSI), 5.7 (s, SCHy), 4.3 (t, 2 Hz, SCHy).
(PNPP)ReH;(4-t-Butyl-2-pyridyl) (6b) and (PNPP)ReHs(6-Ethyl-
2-pyridyl) (6c). 6b and6c can be observed in situ upon thermolysis
of 2in 3a—c, respectively3!P NMR for 6b (4-tert-butylpyridine/cyclo-
CsH12): 0 49.0.3'P NMR for 6¢ (2-ethylpyridine): 0 51.6.
(PNPP")ReH(=C-(6-Methyl-2-pyridyl)) (7a). (PNPP)ReH(cy-
clooctyne) (25 mg, 3@mol) was dissolved in 0.6 mL of cyclooctane,
and 0.1 mL of 2,6-dimethylpyridine was added to the mixture. It was
heated for 30 min at 110C. The volatiles were removed in vacuo,

decantation, washed with cold Sikend dried. Yield: 21 mg (72%).
When this reaction was performed in an NMR tube, NMR indicated a
quantitative conversion t8 in <30 min.*H NMR (C¢D¢): ¢ 11.31
(dd, 4 Hz, 6 Hz, 1Hp-vinyl CH), 8.83 (d, 1H, 5 Hzprtho-CH), 7.50
(d, 4 Hz, 6 Hz, 1HpS-vinyl CH), 7.08 (d, 1H, 4 Hzpara-CH), 6.67 (t,

6 Hz, 1H,metaCH), 5.93 (t, 6 Hz, 1HmetaCH), 1.88 (M,Jun = 7
Hz, 2H, PH), 1.78 (m,Jun = 7 Hz, 2H, P®), 0.91 (apparent g (dvt),
8 Hz, 6H, PCH-CH3), 0.85 (apparent q (dvt), 8 Hz, 6H, PCHCH5),
0.83 (apparent g (dvt), 8 Hz, 6H, PCHCH3), 0.72 (AB dvt,Jun = 15
Hz, Jup = 4 Hz, 2H, P®H,Si), 0.63 (apparent q (dvt), 8 Hz, 6H, P€H
CHj), 0.42 (s, 6H, Si€l3), 0.39 (s, 6H, Si€ls), 0.36 (AB dvt,Juy =

15 Hz,Jup = 4 Hz, 2H, PGH4,Si), —5.26 (td,Jnp = 13 HZ,Junw = 4 Hz,
1H, ReH). 3P{*H} NMR (CeDe): 6 20.4 (s).3C{*H} NMR (CeDs):

0 234.9 (t, 6 Hz, RezH), 163.6 (s), 157.2 (s), 131.7 (s), 117.9 (s),
114.5 (s), 111.7 (s), 28.7 (t, 12 Hz,@GH), 28.1 (t, 10 Hz, FEH), 18.3
(s, PCHEH3), 17.59 (s, PCH=Hj3), 17.43 (s, PCHzH3), 17.39 (s, PCH-
CHs), 11.6 (s, BH.Si), 6.3 (s, SCH3), 5.2 (s, SCHa).

Computational Details

All calculations were performed with the Gaussian 98 packeate
the B3PW9%4?7 level of theory. Basis sets used included LANL2DZ
for Re and Si, 6-31G* for C and N, and 6-31G** for all hydrogéhs.
The basis set LANL2DZ is the Los Alamos National Laboratory ECP
plus a doublez valence on Re, P, and &i;3! additional d polarization
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Figure 1. DFT-optimized structures of pyridyl complexes. Unlabeled circles are carbon (large) or hydrogen (small).

functions? were added to all phosphorus and silicon atoms in all DFT
calculations. All optimizations were performed with symmetry, and
all minima were confirmed by analytical calculation of frequencies,

X-ray Structure Determination

(@) General. Data for all compounds were collected using a

which were also used to compute zero point energy corrections without Bruker SMARTE000 system. A suitable crystal was placed onto the

scaling.

The initial geometries off and 5"-1 were adapted from refined
crystal structures of the analogous compounds, with all silicon methyl
and phosphorus isopropyl groups replaced by hydrogen. All other initial
geometries for the RePNP core in the optimization of (PNP)RglH,
species were taken from the optimized geometry of the R¢P core
of (PNP)ReH. The starting structures of" and 107 were thus
trihydride and dihydride (not dihydrogen), respectively, with all hydrides

tip of a 0.1 mm diameter glass capillary and mounted on the gonio-
stat at 120 K. The data collection was carried out using Morgdi-

ation (graphite monochromator) and a detector distance of 5.0 cm.
The intensity data were corrected for absorption (SADABSjinal

cell constants were calculated from the xyz centroids of strong
reflections from the actual data collection after integraffoihe
space groups were determined on the basis of systematic absences
and intensity statistics. The structures were solved with direct
method® and refined with full-matrix least squar&sAll non-hydrogen

coplanar and the Re/H plane perpendicular to the Re/P plane. Regardies§ o s were refined with anisotropic displacement parameters. The
of the nature of the hydrogen ligands employed in the initial geometry pqr5gen atoms were placed in ideal positions and refined as riding
or their rotational conformation, each starting structure converged t0 4:oms with individual or relative isotropic displacement parameters,

that reported in Figure 1.

(23) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W_;
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. &aussian 98Gaussian, Inc.: Pittsburgh,
PA, 1998.

(24) Becke, A. D.Phys. Re. 1988 A38 3098.

(25) Becke, A. D.J. Chem. Phys1993 98, 1372.

(26) Becke, A. D.J. Chem. Phys1993 98, 5648.

(27) Perdue, J. P.; Wang, Phys. Re. 1991, 45, 13244.

(28) Hariharan, P. C.; Pople, J. Aheor. Chim. Actal973 28, 213.

(29) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 270.

(30) Hay, P. J.; Wadt, W. R. J. Chem. Phys1985 82, 299.

(31) Wadt, W. R.; Hay, P. J. J. Chem. Phys1985 82, 284.

(32) Hollwarth, A.; Bohme, M.; Dapprich, S.; Ehlers, A. W.; Gobbi, A.; Jonas,
V.; Kohler, K. F.; Stegmann, R.; Veldkamp, A.; Frenking, Ghem. Phys.
Lett. 1993 208 237.
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except for metal-bonded hydrogen atoms for which all parameters were
refined. Remaining electron densities are within the expected range
and located in the vicinity of the metal atoms. Details are listed in
Table 1.

(b) 4a. The asymmetric unit contains half of a formula unit. Rhenium,
N1, H1r, and the pyridine are located on special positions (mirror at
0Y%,,0). Si1, C1, C2, C3, P1, and omgropyl group are disordered
over two positions with site occupancies set to be 50:50. Chemically
equivalent distances were restrained to be similar within an effective
standard deviation.

(c) 5a. There are two independent half molecules per asymmetric
unit. Re and N1 of each molecule are located on special positions (two
2-folds at Oy,Y/4 and'/,,y,"/4). One of the-propyl groups in one molecule
is disordered over two positions (70:30).

(33) Blessing, RActa Crystallogr.1995 A51, 33.

(34) SAINT 6.1 Bruker Analytical X-ray Systems: Madison, WI.

(35) Altomare, A.; Cascarno, G.; Giacovazzo, C.; Gualardi, JA.Appl.
Crystallogr. 1993 26, 343.

(36) SHELXTL-Plus V5.1,0Bruker Analytical Systems: Madison, WI.
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Scheme 2
I U A
P |
[Re] — [Rd| . —  » [Rel<tN )
> 110°C \’ 110°C
10 min 42 Y =H X =Me 10 hours
2 aby=HX=tBu  VTHOWg, vy yoye
4o Y =Et, X=H 5b:Y =H, X =tBu
Results

Thermolysis (110°C, cyclohexane or cyclooctane solvent)
of (PNP)ReH(cyclooctyne) 2) (Scheme 1) in the presence of
>1 equiv of any of3a—c initially (10 min) produces (PNP)-
ReH(pyridyl) @a—c) (Scheme 2). In the formation dla—c, 1
equiv of cyclooctene is produced, as identified by NMR.
Compounds4a—c are characterized by a single resonance at
ca. 34 ppm irflP NMR, a hydridic resonance at ca3.8 ppm
in 'H NMR, and a triplet signal for ¢at ca. 170 ppm if*C
NMR. Overall, the NMR spectra of compoundla—c are those
of species ofCs symmetry, consistent with the plane of the
pyridine ring being perpendicular to the time-averaged plane
of the PNP ligand. The hapticity of the pyridyl ligand could
not be discerned from these spectra.

| B | >

N N N

3a 3b 3c

B /E%l\ |
/E;I\ N q;lv/
3d 3e 3f

If the reaction mixture containing exce3ab and the in situ-
formed4ab is kept at 110°C for an extended period of time
(>10 h), a quantitative conversion &a,b is observed along
with production of cyclooctane. Both the rate of formatiorbof
from 4 and the rate of formation o# from 2 were found
(qualitatively) to depend on the concentration of the pyridine
reagent. At the same pyridine concentration, the formatich of
occurs much faster than that f so4 can be easily prepared
and isolated before a detectable amourt isfproduced. Unlike
4ab, complex4c does not react further with 2-ethylpyridine
(neat, 110°C, 24 h) with or without cyclooctene present in the
mixture.

Compoundsbab each exist as two isomeric forms (NMR
evidence). One isomer appears to@g-symmetric by NMR,
while the other hasC+symmetry (Scheme 3, where the two
phosphine arms above and below the NRe(Bne are omitted
for clarity). We undertook a VT NMR study &b and found
that for either of the isomers, thtH NMR is essentially
unchanged in the-60 to 80°C range. Below-60 °C, the peaks
due to the PNP ligand begin to broaden significantly but the

peaks corresponding to the pyridine ring remain sharp. We have

bonel237:38The two isomers irba,b are in equilibrium at 22

°C. No coalescence is observed for eithebab at 22°C, and

the same isomer ratio is observed foa upon dissolution
regardless of the sample handling history. Heating a solution
of 5b to 110°C for 5 min and then rapidly cooling it to 2Z2C
produces a mixture of isomers with a 2:1 ratio in favor of the
symmetric one. However, ovd h at 22°C, the ratio changes

to ca. 5:1, and this ratio change is reversible. A single resonance
corresponding to R€, in each of theC,,-symmetric isomers

of 5a,b is found at ca. 180 ppm in tHéC NMR spectra, and a
pair of corresponding resonances is found for each of the
Cssymmetric isomers dbab at ca. 175 and ca. 204 ppm. The
solution NMR studies are consistent with the interconversion
between the isomers being slow on the NMR time scale even
at ambient temperature and the observed spectra being those of
individual isomers and are not time-averaged spectra of an
isomeric equilibrium.

There are two possibl€,, symmetric isomers5a(b)-1 and
5a(b)-11l). Solely on the basis of solution one-dimensional NMR
evidence, it was not possible to determine which one is the
experimentally observe@,, isomer. The crystallographic study
of a single crystal (vide infra) obtained from the solutiorbaf
determined the structure of the isomer in the crystal t&doé.

DFT studies (vide infra) confirm the thermodynamic preference
for the isomers-1.

The transformation of into 5 is a multistep process. During
the reaction, intermediatéga,b (Scheme 4) are observed, but
they are eventually fully converted infsg,b, respectively.

Compoundbéa was independently generated by exposure of
4ato an atmosphere of HQuantitative formation oba was
not possible becaugea itself competitively reacts with Hto
produce3a and 1. The NMR spectra oba are those of a
Cssymmetric species with a hydride signal (intensity 3H)
observed at—5.44 ppm in'H NMR, a single 3P NMR
resonance observed at 48.7 ppm, and a triple€CRessonance
at 184.9 ppm int3C NMR. Similar 3P and!H features were
also observed foBb,c. The3'P NMR resonances @a—c can
be selectively decoupled from only the alkyl hydrogens, resulting
in a quartet from coupling to three hydrides.

Remarkablybaundergoes no reaction with 1 atm of ven
at 90°C. Sinceba resists hydrogenolysis, it was intriguing to
find out whetherba can be formed from 4-methylpyridine and
1 directly in an acceptorless dehydrogenation. Indeed, ther-
molysis of1 in 4-methylpyridine at 120C (under static vacuum
in a closed J. Young tube, i.e., gaseous products netbeing
removed) after 2 days produced a considerable amoufa of
(60%) along with some unidentified products.

Reactions of Bis-ortho-Substituted PyridinesEach of the
pyridines3a—c possesses at least one aromatigHdn the ortho
position. Investigation of the thermolyses (1%0) of 2 in the
presence of bis-ortho-substituted pyridirthe revealed that
ultimately the carbyne§ab are formed instead of aromatic
C—H activation products (Scheme 5).

While the aromatic €H bonds are sterically shielded &g,
3d possesses at least one aromatieHCbond sterically open
to attack. The carbynegab are characterized by the carbyne
13C NMR resonance at ca. 270 ppm and a single hydtdle

encountered such broadening of the PNP ligand resonances ag37) watson, L. A.; Ozerov, O. V.; Pink, M.; Huffman, J. C.; Caulton, K.JG.

temperatures below 60 °C in several Re and Ru complexes,
and we attribute it to the slowed flexing of the PNP back-

Am. Chem. So®003 125, 8426.
(38) Watson, L. A.; Coalter, J. N.; Ozerov, O. V.; Pink, M.; Huffman, J. C;
Caulton, K. G.New J. Chem2003 27, 263.
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Table 1. Summary of Crystal Data?
4a 5a 8

empirical formula Q4H51N2P2RESE C30H55N3P2Re8iz 025H51N2P2ReSig

formula weight 671.99 763.10 684.00

crystal color, size black, 0.28 0.25x 0.18 mn# red, 0.20x 0.20 x 0.08 mn? black, 0.22x 0.18 x 0.10 mn?

crystal system, space group orthorhomBioma monoclinic,P2/c monoclinic,P2;/n

a, 12.8870(4) 19.3458(8) 10.5307(4)

b, A 16.9003(5) 10.7479(4) 14.7683(5)

c, A 14.1618(4) 18.3294(7) 19.5511(7)

p, deg 113.714(1) 92.604(1)

V, A3 3084.36(16) 3489.4(2) 3037.46(19)

z 4 4 4

Ocalca Q/CTP 1.447 1.453 1.496

absorption coefficient, mnt 4.135 3.666 4.201

absorption correction

max and min transmission
data/restraints/parameters
goodness-of-fit orfF2

final Rindices | > 20(l)]

Rindices (all data)

largest difference peak and hole, é/A

0.5231 and 0.3906
5763/57/238
1.106
Ry = 0.0146, wr, = 0.0379
Ry =0.0160, wr, = 0.0386
1.170 and-0.900

semiempirical from equivalents
0.7580 and 0.5276
9885/19/452
1.025
R: = 0.0266, iR, = 0.0588
R: = 0.0360, vir, = 0.0622
1.526 and-0.705

0.6787 and 0.4584
8869/0/305
1.064
R; =0.0161, wR, = 0.0408
R;=0.0181, wR, = 0.0419
1.757 and-0.387

2 Goodness-of-fit= [Y[W(Fo? — FA)?/Nobservns— Nparamd] ¥, all data.Ry = Y (|Fo| — [Fel)/Y [Fol. WRz = [ [W(Fo? — FA)A/y [W(Fo?)?] Y2

Scheme 5
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NMR resonance at ca-9.2 ppm. The NMR spectra dfab

9

The Cssymmetric compound8 displays a single ReH

very clc_)sely_correspc_)nd to the spectra of related hycs;]ridocarbynesresonamce at ca=5 ppm (td,Jup, Jun, 1H), six downfieldH

Wlth allphatlc substituents on the carbyne cgr@)é At the NMR resonances, and the PNP signals. The downfield signals
mtgrmedlate stages, a small amount of complesx observed,. were analyzed by selectiviH—'H decoupling experiments.
which completely disappears by the endpoint of the reaction. There are four aromatic signals (d, t, t, d) and two vinylic ones

Thtus, theO:mtlaI S?Ezylilcdomdatn;g ad(;htlonl protduces cyclc:j— (dd, d). The most downfield resonance (11.34 ppm, dd) shows
octene and b} and the hydrogenation of cyclooctene proceeds coupling to both Re'H and the other vinylic hydrogen. In the

via the qbservgbla. ) o ) 13C NMR, a downfield resonance at ca. 234 ppm (tripleh)
Reactions with 2-Vinylpyridine. The reaction of (PNP)ReH 5 ghserved along with an appropriate number of other signals

(1) with =3 equiv of 2-vinylpyridine &) at ambient temperature ¢ onmetal-bound Spcarbons and the PNP system. The

produces yellow-brown (PNP)ReH (pyridylviny)(in a quan- overall picture is consistent with the (PNP)ReH(pyridylvinyl)

titati.ve (NMR) yie'd .(Scheme 6), along With If less thar? 3 formulation @) where vinyl is transoid to H and where there is
equiv of 2-vinylpyridine is used in the reaction, then a mixture

of 1, 4c, 6¢, and8is formed. Such a mixture is fully converted
to 8 if additional (up to 3 equiv total) 2-vinylpyridine is added.

(39) McNeil, W. S.; DuMez, D. D.; Matano, Y.; Lovell, S.; Mayer, J. M.
Organometallics1999 18, 3715.
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a significant contribution of a carbene resonance form at the Scheme 7
Re—C carbon. This was confirmed by single-crystal X-ray AG®g8

diffraction (vide infra).
DFT Analysis of Pyridyl Re Compounds.DFT#%41is a vital

sH| +H, — 10H +15.5 keal/mol

M+ 2C5HsN —— 5M) +3H, +6.8 keal/mol

supplement to experimental studies not only because it allows
the strengthening of conclusions derived from experiment but
also because it can be a unique source of information with )
respect to energetics of reactions and energies and geometrie&® the closest to being trans to each other; however, the

4" +CHN —— 5Ho +H, +3.7kealimol

of compounds not observed experimentally.

We used a model (HPCH.SiH,).N ligand (PNP') and
unsubstituted pyridyls in our DFT studies. Such model com-
pounds will be denoted by superscript “H”. The calculations
show that all species calculated adopRe(l1) ground states.
The DFT-calculated structure df! (Figure 1, from a starting
geometry without a Re/Npy) bond) closely reproduces the
important features of the X-ray structure 4d: the SpN—Re
distance is short, indicative af-bonding contribution, and the
pyridyl fragment is bound to Re in ay?-fashion.

The DFT-optimized structure o8" (Figure 1) contains a
classical hydride ligand as well as a dihydrogen ligand
(d(H—H) = 0.940 A), the latter being trans to the amido group
of PNP. The Re-H distances to the hydrogens of théH;
ligand are ca0.09 A longer than the distance to the classical
hydride ligand. The N of the pyridyl ligand is not coordinated
to Re. This leaves only the-lone pair of the amido ligand to
complete the 18e configuration at Re, and indeed, theNR8i),
distance is short (2.040 A), indicative of a multiple-bond
character.

DFT computational results were used to reinforce the
conclusions about the nature of the isomersab. Experi-
mentally, we observed only two isomers for each5Satb.

However, we set out to examine all three possible rotamers

arising from rotation of the pyridyl group. The DFT-optimized

geometries and corresponding energies of the model compound

(57-1—1I1') are depicted in Figure 1. The most stable isomer is
5H-1, the C;, symmetric rotamer. On the basis of this DFT

finding (this was also the structure established crystallographi-

cally), we suggest that this is the predominant isomes of
observed in solution. The DFT-calculated energies correspon

to the experimental observations extremely well. Thus, the

difference AAG,99) betweenst-1 and5"-11, the next highest
isomer in energy, is only 0.3 kcal/mol, in line with the
observation of the 4:V/1l ratio at rt in solution for5a (5:1 for
5b). The third rotameB"-Ill is calculated to be 2.9 kcal/mol
higher in energy thasH-I. The fact that5a(b)-1ll was not

detected in our NMR solution study allows us to estimate the

possibility that it must be>2.7 kcal/mol higher in energy than
5a(b)-l. However, in all three isomers, the pyridyl rings are

approximately perpendicular to the PNPRe plane, and one migh

expect that the neglect of steric bulk of the PNP ligand in the
calculations will affect all three isomers equally. Omitting the
para substituent on the pyridyl rings in calculations is not

expected to have a significant effect on the results either, taking

into account that for both Me an@u substituents observed,
the Keq betweenba(b)-1 and5a(b)-Il are very similar.

It is possible that the isomes™-Ill is disfavored because
the two ligands with the strongest trans influence (C of pyridyl)

(40) Koch, W.; Holthausen, M. CA Chemist's Guide to Density Functional
Theory 2nd ed.; Wiley-VCH: Weinheim, Germany, 2001.

(41) Jensen, Antroduction to Computational Chemistryohn Wiley & Sons:
Chichester, England, 1999.

preference for a particular orientation of the pyridyl ring is rather
small. In all rotamers 056, there exists a competition between
the wr-lone pair of the amido and the lone pair on N of pyridyl
for the empty coordination site at Re. Thus5ihl, both pyridyl
rings aren?-coordinated and the metal center does not need
m-donation from the amido to obtain an 18e configuration.
Accordingly, the Re-N(Si), distance is long at 2.153 A, while
the N-Si distances are short at 1.723 A. ®-Ill , and in
contrast to the drawing in Scheme 3, only one of the pyridyl
rings is 72 (Np,—Re distances of 2.165 and 3.064 A), and
5H-1ll features a short ReN(Si), distance (2.033 A) and
long N—Si distances (av 1.763 A), consistent with the pro-
posed N—Re z-donation.

In 57-11, one of the pyridyl rings is unambiguouskhy?
(d(Re—-Npy) = 2.149 A), while the other displays an “elongated”
172 coordination (d(ReNpy,) = 2.336 A). At the same time, the
values of the ReN(Siy) distance (2.090 A) and the \Si
distances (av 1.735 A) are between thos&d and5H-111 .
The bonding picture in5H-1l may be described as partial
m-donation from the amido being complemented by partial
o-donation from the secondpN

The DFT computations also help assess the energetics of the
reactivity of 5 (Scheme 7). The\G5q4 for addition of H to
5M-1 to give 107 (Figure 1) was calculated to be 15.5 kcal/mol,
consistent with the experimental observation of inertness of

Joward H as being thermodynamic in origin. On the other hand,

for the reaction ofl" with pyridine to producét, AG5q, was
calculated to be only 6.8 kcal/mol. This value is not inconsistent
with the experimental observation of the forward reaction, given
that the pyridine reagent is used in large excess. The reaction

gof 4" with pyridine to give5" and H is calculated to have

AGjqg0f 3.7 kcal/mol. This is in accord with the experimental
observation of this reaction because at least some of the
produced His removed by either hydrogenation of cyclooctene
or by complexation tat.

X-ray Structure Determinations. In the structure ofda
(Figure 2, grown by cooling a solution imechexane to—30
°C), a disorder of the PNP backbone is present that results in
the presence of a crystallographic mirror plane in the molecule.
The pyridyl moiety is»? and the hydride atom position was

tlocated unambiguously. The overall geometry about the Re

center can be described as distorted octahedral with H(1r) and
C(10) deviating from idealized octahedral positions by bending
away from the amido N(1). The bending of C(10) and H(1r)
away from N(1) approximately in the plane of the N(1) lone
pair is reminiscenrtof the similar bending of the two hydrides
away from the N(amido) in the structure of (PNJReH,. Such

a distortion rehybridizes the orbitals to enhance the multiple
bonding between Re and N(1) and to strengtherwtbends to
C(10) and H(1r). Indeed, the R&I(1) distance is short at 2.01
A, indicative of significantz-bonding between Re and N(1).
The Re-N(2) bond is considerably longer at 2.17 A, and the
N(1)—Re-N(2) angle is 168
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Figure 2. ORTEP plot of4a (Me groups ofi-propyls and all Hs except
Re—H are omitted for clarity; disorder not shown). Selected bond distances
(A) and angles?): Re—N(1), 2.0136(16); Re C(10), 2.028(2); ReN(2),
2.1653(16); Re-H(1r), 1.65(4); N(1)-Si (average), 1.7493(12); N(%)
Re(1)-N(2), 168.47(7); N(1yRe(1)-C(10), 131.35(7); N(yRe(1)r
H(1r), 109.5(13).

Figure 3. ORTEP plot of one of the independent moleculesbaf(Me
groups ofi-propyls and all Hs are omitted for clarity). Selected bond
distances (A) and angle8)(in the two independent molecules: R (1),
2.147(3), 2.155(3); ReC(10), 2.020(3), 2.018(3); ReN(2), 2.133(3),
2.138(2); Re— P, 2.3908(7), 2.3855(7); N(¥)Si(1), 1.7083(15), 1.7087-
(16); P-Re—P, 171.37(3), 171.43(3); N(H)Re—N(2), 95.80(6), 96.13-
(6); N(1)—Re—C(10), 133.70(8), 133.97(8); C(16Re—C(10), 92.59(17),
92.06(16).

A crystal of theCy,-symmetric isomer (Figure 3) was obtained
from the mixture of isomers oba. The presence of para-
methyl substituent, together with the refinement of the X-ray
data, leaves no ambiguity in C vs N determination. The unit
cell contains four molecules, two halves of which are in the
asymmetric unit. Thus, the asymmetric unit consists of two
halves of two independent half-molecules. The differences in

the geometric parameters between the two half-independent

molecules are not chemically significant. The geometry about

Figure 4. ORTEP plot of8 (Me groups ofi-propyls and all Hs except
Re—H are omitted for clarity). Selected bond distances (A) and angjes (
Re(1)}-P(1), 2.3923(4); Re(bHP(2), 2.3757(4); Re(HhH(1r), 1.69(2);
Re(1)-N(1), 2.0307(14); Re(1)N(2), 2.2081(15); Re(+)C(19), 2.0156-
(18); N(1)-Si(1), 1.7425(15); N(ySi(2), 1.7443(15); P(HhRe(1)-P(2),
170.828(15); N(1}Re(1)-N(2), 168.87(6); H(1r-Re(1)-C(19), 140.0-
(9); C(19)-Re—N(1), 119.63(7); N(1)yReH(1r), 99.2(9).

exchange between rotameric forms5#Eb must proceed via
an nY-pyridyl structure, and it is highly probable that the
unsaturation created by the dissociation of a pyridyl N is relieved
by thes-donation from the amido ligand, lowering the activation
barrier for this isomerization.

The structure oB (Figure 4) is conceptually similar to that
of 4a. The plane of the pyridylvinyl ligand and the hydride is
approximately perpendicular to the PNP plane, and C and H
are similarly bent away from the amido N. The-R&(1) bond
is short at 2.0307(14) A, indicative of multiple bonding be-
tween Re and N(1). The ReN(2) distance (2.2081(15) A) is
somewhat longer than the corresponding distancef&iand
5a, but the Re-C distance (2.0156(18) A) is slightly shorter
than Re-C distances idla and5a. The elongation of the Re
N(2) bond is probably a consequence of being a part of a larger
metallacycle.

The Re-C distances irta, 5a, and8 are shorter than might
be expected for a single C&p-Re bond. For example, several
(hydridotrispyrazolylborato)Re complexes with -Reh bonds
were structurally characterized and the ca. 2204 A Re-

Ph distances were reportét'2 A Re—C(s@¥) bond distance of
ca. 2.12 A was reportédin a vinyl—Re complex resulting from
the insertion of acetylene dicarboxylate into a-R€bond. It
may also be noted that the R€ distances ida, 5a and8 are
comparable to the multiple ReéN(amido) bond inda and 8.

For 4a and5a, this may be primarily a consequence of a tight
three-membered metallacyclic subunit. R&rthe shortened
Re—C distance is in accord with the contribution of the carbene
resonance structure (vide supra, Scheme 6), which effectively
reflectsz-donation from Re into the pyridylvinyt-system. The
contribution of this resonance structure affects other bond

the Re center can be described as approximately pentagonaqeng,[hS in the five-membered metallacycleSimnd appears to

bipyramidal with P atoms occupying the apical positions. The
N(2) atoms of they?-pyridyl ligands are cisoid to the amido
N(1). The Re-C(10) distances (2.019 A) and the R¥(2)
(2.136 A) distances i%a are comparable to those #a. The
Re—N(1) distance of 2.15 A is much longer than the corre-
sponding distance iAda, consistent with a decrease to single-
bond character iha. Thus, coordination of the pyridine N is
preferred over the N(tyResr-donation. However, the observed
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be somewhat greater than in the related Ru compdL.iid
(Scheme 8). It is remarkable that & Rle center irB behaves
as a more potent-base than a®Ru center inl1 This might
be attributed to the amide nitrogen in PNP.

(42) Matano, Y.; Northcutt, T. O.; Brugman, J.; Bennett, B. K.; Lovell, S.; Mayer,
J. M. Organometallics200Q 19, 2781.

(43) Kim, Y.; Gallucci, J.; Wojcicki, A.Organometallics1992 11, 1963.
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Scheme 8 the reaction proceeds by hydrogenation of the double bond of
3f, it implies that the metal is at some point bound to the carbons
of the hydrogenated ortho substituent yet produces aromatic
activation products and not the possible carbyne. Notably
(Scheme 6), 4-chlorostyrene produces exclusively the 4-chlo-
robenzylcarbyne comple Compound may be viewed as a
vinylogue of compound4: its apparently greater stability may
be ascribed to some relief of strain on going from a three-
) ~ membered metallacycle to a five-membered one. One obvious
Complex2 can be considered as the product of oxidative ajterpative to the formation of €H activation products is the
addition of two vinylic G-H bonds of cyclooctene onto the  f5rmation of simplenl-pyridine complexes of (PNP)Re.
“naked” (PNF'P?Re fff%gment- In other words, it is the latter  g,ch a coordination mode, however, would not serve to re-
fragment combined with the elements of cyclooctene. TRUS, |jieye the highly electron-rich Re center of electron density. Our
can serve as a surrogate for the inaccessible (PR by studies have shown that reconstruction of organic fragments on
having cyclooctene be replaced_ on the monovalent Re center(prq)Re follows precisely that pattern: the metal reacts to
by (elements of) another organic molecule. Furthermore, cy- iain higher formal oxidation states via oxidative addition pro-

clooctene is not always an innocent byproduct but can act as acegses and/or isomerization of organic fragments into stronger
hydrogen acceptor. We were interested in whethean serve . o.i4s (e.g., alkenes to metal-bound carbenes or hydrido
as a synthetic equivalent of (PNPRe in reactions with alkyl- carbynes}:2

SUbSt'tl.Jted pynd_meg and n th? se_lec_twlty of benzylu_: VS The observation odab in reactions oR with 3a,b deserves
aromatic C-H activation. Our findings indicate that the activa- . . o ;
special mention. Complexds,b are the initial products of this

tion of the ortho C-H bond in a pyridine ring is the preferred . . . .
mode of reactivity and that the products of benzylic activation rea ction. We propose that some il liberated into the reaction
mixture and then trapped b¥ to form 6 (Scheme 4). Cy-

are only observed for substrates with substituents in both ortho .
y clooctene serves to dehydrogendeback to 5, but this

positions. T
If both ortho positions bear methyl substituents, then Carbynesdehydrogenatlon IS §Iow enough férto be observeq. We
believe that the required free;Hs generated upon oxidative

resulting from the activation of such methyl groups are o . .
exclusively produced. The obvious preference for the formation addition of?,a,b to 4 and that the pu@au.ve rtomplex of5 is
unstable with respect to Hoss. This is supported by DFT

of the ortho CH activation product, through either aromatic or leulati h del d and by th . |
aliphatic activation, must stem from the influence of the pyridine calculations on the model compound and by the experimenta

nitrogen. It is likely that this nitrogen exerts both kinetic and ©PServation thaba does not bind Kat 22°C orreact with H
thermodynamic influences on the regioselectivity of the reported under more forcing conditions (1 atmyH0°C, 1 h).
reactions. The aryl activation products contgirbound pyridyl The failure of4cto react further witt8c can be rationalized
ligands. Additional binding of N is a feature unattainable for ©n steric grounds. Unlikdab, 4c carries arortho-ethyl sub-
purely hydrocarbon aromatics, and it must add to the thermo- Stituent, which, taking into account thg-coordination mode
dynamic stability of the ortho aromatic activation products of ©f the ethylpyridyl ligand, provides steric shielding of the metal
pyridines. Neither can such stabilization be achieved in the casecenter. This is compounded by the fact tBatalso carries an
of meta or para activation of pyridines. Therefore, when meta ortho-ethyl substituent, which increases the steric obstacles for
and para aromatic €H bonds are the only ones available, the precoordination ddcto 4c. Besides such kinetic reasoning,
aliphatic activation to produce carbynes occurs instead. it may be thermodynamically unfavorable to fowith both

We believe that the initial coordination of pyridines via an #?-pyridyl units bearing an ortho substituent due to steric
N—Re dative bond dramatically decreases the activation barrierrepulsion in the product.
of these reactions by bringing the-E1 bonds into the vicinity
of the metal center. A similar effect was ascribed to the
heteroatom coordination in-€H activation of ethers and amines
by Os and Ru complexe8:#6 That the aromatic activation of
the ortho CH bonds of pyridines teermodynamicallyand not
just kinetically preferred is evident from the intermediacy of
3¢, 4c, and6cin the reaction oBf with 1 (vide supra). Because

[Re] = (PNP™")Re [Ru] = (PrsP);Ru

Discussion
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