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Abstract: Treatment of Cp*Ru(NO)R; complexes 1-3 with 1 equiv of triflic acid (HOT() leads to the formation of
the triflato complexes Cp*Ru(NO)(R)(OTf) (4-6) (R = CH; (1, 4), C¢H;s (2, 5), p-tolyl (3, 6); Cp* = 15-CsMes).
X-ray data for § (C;7H,NO,SF;Ru): monoclinic space group P2,/n,a=10.041(2) A,b=13.797(4) A, c = 15.113(3)
A, 8=106.68(2)°, Z =4, R/R, = 4.50/3.37%. The dissociation of the triflate ligands in 4-6 in solution is detectable
by NMR spectroscopy. The AH/AS values for equilibrium between bound and free triflate in THF are (-2.1(1)
kcal/mol)/(-9(1) eu) for 4 and (-2.3(2) kcal/mol)/(~9(1) eu) for 5. Triflate dissociation from complexes 4-6 in
CH,ClI, is trapped by the binding of PA\C=CPh, leading to the eventual formation of neutral ruthenacyclopentadiene
products 8-10 by $-migratory insertion followed by orthometallation of a $-aryl group. X-ray data for 8 (CysH,r-
NORu): monoclinic space group P2,/c, a = 16.724(7) A, b = 7.274(2) A, ¢ = 17.904(7) A, 8 = 102.26(3)°, Z =
4, R/R, = 4.40/3.89%. X-ray data for 10 (C;;H3NORu): monoclinic space group P2,/n, a = 9.597(2) A, b =
22.577(4) A, ¢ = 12.094(2) A, 8 = 101.34(2)°, Z =4, R/R, = 4.84/4.57%. Formation of 8 requires a cis-trans
isomerization in the intermediate o-vinyl complex formed by methyl 8-migratory insertion to the alkyne. A proposed
mechanism for the cis-trans-o-vinyl isomerization invokes resonance stabilization through back-donation into the
NO-7* levels of the [Cp*Ru(NO)] fragment. Exclusive formation of 10 when 6 is treated with PA\C=CPh shows
orthometallation is rapid in comparison to cis-trans isomerization of the intermediate ¢-vinyl ligand. Protonation
experiments using DOTT show the metallacycle to open first at the Ru—C,y bond; treatment of 8 with excess HOTf

results in the generation of (E)-a-methylstilbene and Cp*Ru(NO)(OTH), (7).

Introduction

Many studies have shown the importance of metallacyclo-
pentadiene complexes in metal-catalyzed organic chemistry,!-?
One of the most notable examples is the cyclotrimerization of
alkynes catalyzed by so-called “basic” metal complexes such as
CpCo(C0),.246 Formation of carbon-oxygen bonds has been
observed by coupling of a methyl carboxylate substituent of an
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iridacyclopentadiene complex with terminal alkynes.” The
coupling of alkynes and CO mediated by late transition metals
hasbeenusedasarouteto many unsaturated organicderivatives. !

Electrophilic transition metal complexes are perhaps more often
associated with carbon—carbon bond formation in olefin polym-
erization catalysis.®-!5 However, important information on the
assembly of pyridine and arene fragments has been revealed by
the formation and reactivity of tantalacyclopentadiene com-
plexes.!¢ Inanalogy to Ziegler-Natta catalysis, the reactions of
coordinatively unsaturated [L,M(alkyl)], [L,M(aryl)], and [L,M-
(hydride)] centers with acetylenes are known, but they are fewer
innumber compared to studies of olefin insertion reactions. 14:17-24
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Alkyne Activation by [(n-CsMes)Ru(NO)(R)]* Fragments

Table 1. Summary of Crystallographic Data for Complexes §, 8,
and 10

5 8 10
empirical formula C17H20NF304RUS C25H27N0Ru C31H31N0Ru
formula weight 4925 458.5 534.6
crystal system monoclinic monoclinic  monoclinic
space group P2,/n (no. 14) P2, /c (no. 14) P2,/n (no. 14)
a 10.041(2) 16.724(7) 9.597(2)
b(A) 13.797(4) 7.274(2) 22.577(4)
c(A) 15.113(3) 17.904(7) 12.094(2)

B (deg) 106.68(2) 102.26(3) 101.34(2)
V(AY) 2005.7(8) 2082.0(12)  2569.3(8)
zZ 4 4 4

T(°C) 294 173 173

A (Mo Ka) (A) 0.71073 0.710 73 0.710 73
g (Mo Ka) (mm-!) 0934 0.768 0.633
Paaled (8/cm?) 1.631 1.463 1.382

final R9 (%), R«* (%) 4.50, 3.37 4.40, 3.89 4.94,4.57

aR = I|IF - |Fl/ZIFd. 8 Ry = [Ew(Fd| = [F2/IwFR1V2% w =
1/6(|Fy).

The recent work of Bercaw and co-workers is a prime case where
both olefin and alkyne insertions are compared in the Cp*,ScCH,
and Cp*,ScH systems.!4

Following a tradition of generating reactive electrophilic [L,M-
(R)]* centers,%11-13d15 we report here the synthesis and char-
acterization of the d¢ complexes Cp*Ru(NO)(R)(OTf) (R =
CH; (4), CsHs (5), p-tolyl (6); OTf = CF;SO;"). Thedissociation
of the triflateligand leads to the generation of reactive electrophilic
[Cp*Ru(NO)R]* fragments similar to the [Cp*Ru(NO)(Me)-
(solvent)]* species recently reported by Brookhart and co-workers
to activate methyl acrylate.!5 The trapping of the electrophilic
[Cp*Ru(NO)(R)*/OTf] ion pair with P\C=CPh leads to new
ruthenacyclopentadiene complexes, providing a convenient format
to evaluate carbon—carbon bond formation, metal-carbon bond
formation and cleavage, and intermediate isomerization thatleads
to the formation of functionalized stilbene byproducts.

Results

Synthesis and Characterization of Complexes 4-6. The treat-
ment of the Cp*Ru(NO)R; complexes 1-3 with 1-2 equiv of
HOT( gives moderate to good isolated yields of the complexes
Cp*Ru(NO)(R)(OT) (R = CH; (4), CHs (5), p-tolyl (6)).
The byproduct Cp*Ru(NO)(OT(); (7) in these reactions quan-
titatively accounts for the starting material not converted to
complexes 4-6.25 Theether-insoluble complex 7is easily separated
from complexes 4-6 by simple extraction techniques. The red-
brown triflate complexes 4-6 are very soluble in common polar
organicsolvents and are somewhat soluble in benzene and toluene.

The single-crystal X-ray diffraction results for complex 5 are
summarized in Tables 1-3. Figure 1 shows the molecule to possess
a three-legged piano stool geometry with the Cp* ring sym-
metrically bound to the Ru atom (average Ru~Cp* length 2.235-
(7) A). The Ru-N-O(1) bond angle is 172.3(6)° with a Ru-
OTf bond distance of 2.146(4) A and a Ru-C(21) (ipso-C¢Hs)
bond length of 2.100(5) A.

The electron impact (EI) mass spectra of complexes 4-6 all
show low-intensity (4—5%) molecular ions relative to a base peak
of [Cp*]*. Other major fragments observed include [Cp*Ru-
(NO)(OTf)]* and [Cp*Ru(OTf)]*. The IR spectra for 4-6 in
CH,Cl; show vno values between 1780 and 1800 cm-!, consistent
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Table 2. Selected Geometric Data for §

Bond Lengths (A)
Ru-N 1.758(5) N-O(1) 1.145(7)
Ru-0(2) 2.146(4) Ru-C(4) 2.186(8)
Ru-C(1) 2.202(6) Ru-C(5) 2.211(6)
Ru—C(2) 2.291(6) Ru-C(21) 2.100(5)
Ru-C(3) 2.289(7)

Bond Angles (deg)
Ru-N-O(1) 172.3(6) 0(2)-Ru-C(21) 86.5(2)
0(2)-Ru-N 100.7(2) N-Ru-C(21) 91.5(2)

Table 3. Atomic Coordinates (X104) and Equivalent Isotropic
Displacement Coefficients (A2 X 103) for §

x y z Uy’
Ru 4996(1) 1729(1) 1595(1) 36(1)
S 7142(2) 2299(1) 392(1) 50(1)
0(2) 6649(4) 2440(3) 1211(2) 45(2)
0(3) 7800(5) 3148(3) 175(3) 83(2)
0o4) 6205(4) 1786(4) ~344(3) 69(2)
C(6) 8585(8) 1479(6) 802(6) 66(3)
F(1) 9116(5) 1218(4) 149(3) 132(3)
F(2) 8207(5) 690(3) 1176(3) 92(2)
F(3) 9576(4) 1880(4) 1488(3) 113(2)
N 4238(5) 1053(4) 590(4) 51(2)
o(1) 3625(6) 592(4) -21(4) 103(3)
C(1) 5450(7) 2221(5) 3037(4) 48(3)
C(2) 6480(7) 1518(7) 3048(4) 62(3)
C(3) 5817(9) 633(6) 2761(5) 67(4)
C4) 4357(8) 794(5) 2567(4) 57(3)
C(5) 4155(6) 1766(6) 2795(3) 47(2)
C(11) 5732(8) 3238(5) 3375(4) 97(4)
C(12) 8024(7) 1691(7) 3339(4) 118(4)
C(13) 6486(11) -322(6) 2699(6) 157(7)

C(14) 3255(9) 33(6) 2290(5) 126(5)

C(15) 2810(7) 2193(6) 2862(5) 92(4)
C(22) 4328(6) 3860(5) 1010(4) 44(2)
C(23) 3500(7) 4640(5) 653(4) 54(3)
C(25) 2077(7) 4523(5) 321(4) 57(3)
C(24) 1504(7) 3628(5) 348(4) 52(3)
C(26) 2328(6) 2852(4) 708(4) 40(2)
c@l) 3776(6) 2944(4) 1051(3) 34(2)

4 Equivalent isotropic U defined as one-third of the trace of the
orthogonalized Uy tensor: Ueq = !/3L,E,Ujas*a*aja;.

Figure 1. Thermal ellipsoid plot (30% probability level) and atom
numbering scheme for complex §.

with linear nitrosyl coordination. The 'H NMR spectrum shows
the Cp* resonances at 6 1.77 (4) and & 1.72 (5§ and 6).

The !F NMR spectra of complexes 4 and 5 in CDCl; or CH,-
Cl, exhibit a single resonance at § -76.5. In pure THF the 'F
NMR spectra of 4 and 5 show two resonances whose intensities
are temperature dependent (vide infra). The IR spectra of 4-6
in THF show only one distinct »no absorption.

Reactivity of Complex 1 with PhC=CPh. Additionof 10equiv
of PhiC=CPh to a CDCI; solution of 4 leads to the appearance
of a new signalat §-77.7 inthe 1F NMR spectrum. Monitoring
the reaction by 1°F NMR spectroscopy shows the intensity of this
new resonance to be 22% of the total !°F signal after 1 h, 94%
after 14 h, and 100% after 30 h. The rate of disappearance of
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Table 5. Atomic Coordinates (X10%) and Equivalent Isotropic

Displacement Coefficients (A2 X 103) for 8
4 x y z Uy®
_E - Ru 27 066(3) 11 567(6) 21 005(2) 158(1)
by 3 N(1) 32 495(28) 31 858(66) 20 586(25) 191(16)
E o) 36 461(25) 45335(58)  20459(23)  334(15)
R 2 C(1) 21 674(33) -16 732(72) 16 376(32) 223(19)
£ - C(2) 25 183(33) ~-18 584(73) 24 350(32) 213(19)
1 c3d) 33775(32)  -14926(72)  25446(31)  205(19)
Cc(4) 35499(32)  -10318(82)  18140(30)  229(18)
. c(%) 28043(32)  -11528(86)  12495(28)  243(17)
: : : : : C(11)  13027(36)  -21599(91)  12720(38)  423(25)
0 10000 20000 30000 40000 50000 60000 C(12)  20822(39) -25993(86)  30296(34)  388(25)
Time (sec) C(13)  39932(37) -17677(86)  32828(34)  385(23)
Figure 2. In(% integral) versus time for the !F NMR spectroscopy of C(14) 43 920(36) -7 160(92) 16 434(39) 436(27)
complexes 4 (W) and § (A). C(15) 27 252(41) -9271(93) 3866(29) 395(23)
c(n 10 454(33) 32973(80)  35776(29)  251(20)
Table 4. Selected Geometric Data for 8 and 10 C(6) 14 843(31) 26083(72)  29669(28)  177(18)
C(8) 22 584(33) 19 655(73) 30 785(26) 181(17)
— Bond Lengths (A) — C(31) 36278(34)  25406(83)  39595(31)  258(20)
complex complex C(32) 41 605(35) 23 385(92) 46 687(32) 337(22)
C(33)  39159(36) 14333(94)  52658(32)  365(23)
§l(11—)Ng()l) Hg;g; EEE)N H;;Eg; C(34)  31270(37) 7456(79)  51726(31)  306(22)
- . . C(35) 25 853(33) 9 147(81) 44 594(28) 242(19)
Ru-Cp* (av) 2.30(1) Ru-Cp* (av) 2.27(1) C(36)  28233(32) 18352(72)  38431(29)  188(18)
guﬁg)s) §é§§E§§ gu—gg)z) ;éégg; C(41) 2564(32) 33304(73)  18944(31)  239(19)
u : u- . C(42) —675(34) 34102(77)  11041(32)  289(21)
C(6)-C(8) 1.351(7) C(6)-C(7) 1.359(11) C(43) 4153(34) 29 669(82) 5841(31)  272(20)
C(6)-C(46) 1.473(7) C(6)-C(41) 1.472(12) C(44)  12223(34) 23 612(79) 8382(30)  255(20)
C(41)-C(42) 1.405(7) C(41)-C(42) 1.400(10) C(45)  15476(33) 22162(73)  16224(29)  191(18)
C(41)-C(46) 1.408(7) C(41)-C(46) 1.402(11) C(46)  10665(31) 27183(74)  21566(29)  177(18)
gfﬁ;ﬁfﬁ; ' }ig?g; ggg;ﬁgﬁ; }3?;8%; 4 Equivalent isotropic U defined as one-third of the trace of the
C(44)-C(45) 1.398(7) C(44)-C(45) 1.368(12) orthogonalized Uy, tensor: Unq = !/3L2,Uya*a*asa;.
Cas)-clae) 1422(8) Cs)-cr6) 1.379(12) Table 6. Atomic Coordinates (X10%) and Equivalent Isotropic
Bond Angles (deg) Displacement Coefficients (A2 X 103) for 10
complex 8 complex 10 x y z Us®
— — Ru 451(1) 1928(1) 1631(1) 20(1)
RO e Mag, e ¥ B0 B me 30
Ru— 6.7(2 —Ru—C(42 95.2(3 o 2020(6) 2940(3) 2745(5) 41(2)
N()-Ru-C(43) 267(2)  N-Ru-C(42) 2(3) c(1) -855(9) 1390(4) 204(8)  38(4)
C(8)-Ru-C(45) 77.1(2)  C(7)~Ru-C(42) 78.0(3)
cQ) -395(8) 1904(6) -268(6) 42(3)
C(8)-C(6)-C(46)  113.8(5) C(N-C(6)-C(41)  115.1(7) & Z995(10) 239908 2087 s
Ru-C(8)-C(6) 117.93) Ru-C(7)-C(6) 116.2(6) () _1857(9) 2169(4) -~ 95707) 303)
Ru~C(45)-C(46) 1153(3)  C(6)-C(41)-C(42)  115.2(7) & Thene) L5450t o417 3200
C(6)-C(46)-C(45)  115.5(4) Ru-C(42)-C(41) 115.4(6) & Lisoid) AN e e
c(12) 444(9) 1932(6) ~1188(6) 81(5)
.. R ~ -100(8 6
complex 4 uilscle_rlthese pseudo-ﬁrst-o:der condmons5g1Y:=.sfk‘,1,sh= 88 3; —232(8)8?; ;23352; 1 52‘3)&; 7;8;
4:1(9) X 10-5 s71, compared to ]cobs =17.70Q2) X lQ‘ s71 for the c(15) -2586(10) 1127(5) 1508(9) 72(5)
disappearance of complex 5 (Figure 2). Monitoring the same C(6) 2271(8) 918(3) 2613(6) 21(3)
reaction by 'H NMR spectroscopy shows transient resonances (7N 2112(8) 1303(3) 1734(6) 20(3)
at 5 1.64 and 6 1.35 that appear within one h and are absent after gggg g;g:(S) 323(2) 233(4) gggg
30 h. Monitoring a reaction with a 1:1 mixture of complex 4 and =
PhC=CPh shows 'H NMR signals at  2.45 and other transient C(24) 4547 1280 ~867 37(2)
C(25) 4390 1806 -298 34(2)
resonances between & 1.66 and 6 1.80. The appearance of (Z)- C(26) 3619 1810 567 29(2)
a-methylstilbene together with Cp*Ru(NO)(OTf), is also c(21) 3006 1288 864 22(2)
observed by 'H NMR spectroscopy in the reaction mixtures of C(41) 1279(8) 1003(3) 3385(6) 21(3)
4 with PhC=CPh.2¢ The production of (Z)-a-methylstilbene is C(42) 329(8) 1476(3) 3115(6) 23(3)
not observed when 2 equiv of the base N,N-diisobutyl-2,4- g(ﬁ) :2?3(2) igég(i) 32?;(?’) gg(g)
dimethyl-3-pentylamine is present in solution. (44) ®) (4) (7 3
AR ) C(45) 309(9) 816(4) 5045(7) 36(3)
Characteristics of Rut'henacyclopentadlene Complgxes 8-10. C(46) 1253(8) 673(3) 4363(6) 27(3)
Crystals of the orange, air-stable ruthenacyclopentadiene com- C(32) 4848(5) 645(2) 3165(4) 28(2)
plexes 8-10 are isolated from the crude reaction mixtures of 4-6 C(33) 5925 225 3445 36(2)
and PhC=CPh by simple recrystallization from hexane. The C(34) 5586 =375 3452 34(2)
X-ray structures of complexes 8 and 10 are shown in Figures 3 C(33) 4169 -356 3180 292)
R o as C(36) 3092 ~135 2900 27(2)
and 4, and the crystallographic data are summarized in Tables cG1) 3431 465 2892 20(2)
1and 4-6. The moleculesshow symmetrically bound Cp* ligands C(54) -1658(10) 1429(4) 5558(7) 43(4)

and nearly linear nitrosyl coordination. For both 8 and 10 the
data reveal a metallacyclopentadiene core, with an alternating

————
long-short-long-short-long pattern around the RuC=CC=C

(26) Kawashima, T.; Ishii, T.; Inamoto, N. Bull. Chem. Soc. Jpn. 1987,
60, 1831. TH NMR (CDCl;): (Z)-a-methylstilbene, 6 2.19 (d, 3H, J = 1.5
Hz), § 6.46 (br, 1H); (E)-a-methylstilbene, 6 2.26 (d, 3H, J = 1.2 Hz), § 6.83
(br, 1H).

9 Equivalent isotropic U defined as one-third of the trace of the
orthogonalized Uy tensor: Uy = !/3L.L,Ujar*a*aa;.

ring. The Ru atoms deviate from a plane containing the carbon
skeleton by 0.18 A for 8 and 0.08 A for 6. The phenyl substituents
attached to the metallacycle rings lie between 45° and 65° out
of the plane of the metallacycle.
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Figure 3. Thermal ellipsoid plot (30% probability level) and atom
numbering scheme for complex 8.

Figure 4. Thermal ellipsoid plot (30% probability level) and atom
numbering scheme for complex 10.

Complex 8 shows a pair of resonances at 6 1.52 and 4 2.12 in
a 15:3 intensity ratio consistent with their assignment as the Cp*
and CHj; resonances, respectively. Complexes 9 and 10 show
similar Cp* resonances, and 10 shows a singlet at & 2.30
characteristic of the p-tolyl CH; group. Also observed for
complexes 8-10 are resonances attributable to aromatic protons
between & 6.7 and & 7.6. The complexes display strong ¥no
absorptions at 1738, 1734, and 1736 cm™! for 8-10, respectively.
The mass spectra of complexes 8-10 all show a relatively intense
molecular ion, with the base peak being loss of the NO ligand
in each case.

Treatment of Complex 8 with HOTf. Treatment of 8 with
excess HOTT leads to the quantitative formation of complex 7
and (E)-a-methylstilbene by 'H NMR spectroscopy. As ex-
amined by 'H NMR spectroscopy, treatment of pure complex 8
with 1 equiv of HOTf in CDCl, leads to a color change from
orange to yellow-brown and the appearance of new signals at &
1.79 and 6 2.52 together with signals attributable to complex 7.
Infrared analysis of a similar reaction shows a new ¥ng at 1783
cm-! together with absorptions from complexes 8 and 7.

Treatment of 8 with 0.5 equiv of HOTS in CDCl; leads to the
generation of resonances at 6 1.79 and & 2.52 in the 'H NMR
spectrum. After 12 htheseresonances are replaced by resonances
for complex 7 and (E)-a-methylstilbene and the reappearance of
intensity in the resonances due to 8. Treatment of 8 with 0.5
equiv of DOTS produces a single resonance at § 7.10 in the 2H
NMR spectrum. Subsequent addition of excess DOTT leads to
a second signal in the 2H NMR spectrum at 4 6.9.

Discussion

Preparation of Triflato Complexes 4-6. Treatment of the
dialkyl complexes with 1 equiv of HOTf produces the Cp*Ru-
(NO)(R)(OTY) derivatives 4-6 together with significant amounts
of Cp*Ru(NO)(OTf); (7) in an essentially quantitative
combined yield (egs 1 and 2). The ditriflato complex is produced

Cp*Ru(NO)R, + HOTf — Cp*Ru(NO)(R)(OTf) + RH
1-3 4-6
(1)
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Cp*Ru(NO)(R)(OTf) + HOTf —
4-6

Cp*Ru(NO)(OTf), + RH (2)
7

R = CH,, C,H;, p-C,H,CH,

even when a substoichiometric amount of HOTf is added,
indicating that the protonation of Cp*Ru(NO)(R),is not as facile
as the protonation of the Cp*Ru(NO)(R)(OTf) complexes 4-6.
This is particularly the case when R = Ph or p-tolyl. In
comparison, the reactions of complexes 1 and 2 with aqueous
HCl reported by Bergman and co-workers show that the Cp*Ru-
(NO)(R)(CI) products are somewhat resistant to further reaction
to give Cp*Ru(NO)Cl1,.27

The X-raystructure of complex 5 shows a bound triflateligand.
In comparison to Ru-triflato complexes reported by Wojcicki et
al.,®® complex 5 hasa Ru~-Obond that is the same as that reported

for [Cp*Ru(NO)(CH(CH;)COOCH;)]*. These Ru-O dis-
tances are more characteristic of Ru~O bond distances found for
better anionic oxygen donors such as tosylate, trifluoroacetate,
and benzoate (Table 7).2%-3! The shortness of the Ru~OTf bond
incomplex § supports the more electrophilic nature of the [Cp*Ru-
(NO)R]* fragment in comparison to the [(Cyttp)Rull(CO)]2+
fragment.

The modest, but significant solubility of complexes 4-6 in
benzene and toluene is a strong indication that the complexes
dissolve without dissociation of the triflate ligand. The 'F NMR
spectra of 4-6 in toluene-ds, CDCl;, or CH,Cl, show only one
fluorine resonance, lending strong spectral evidence for the
presence of a single triflate environment. The mass spectra of
complexes 4-6 show the triflate ligands to be tightly bound to the
metal, producing molecular ions of ca. 5% relative intensity
together as well as a number of more intense fragments like
[Cp*Ru(OTf)]* and [Cp*Ru(NO)(OTf)]*. The IR data for
complexes 4-6 show a single yno absorption for each complex.
The vno absorption for the methyl complex 4is ca. 10 cm~! lower
than the aryl derivatives 5 and 6, consistent with the stronger
donor character of a CHj; ligand.

Dissociation of the Triflate Ligand. It is evident by !°F NMR
spectroscopy that triflate dissociation occurs when complexes
4-6aredissolvedin THF. A resonanceatd-77.5 coincides where
added free OTf- is observed, and a second resonance at 6 -76.5
is attributed to a bound OTf- ligand. The equilibrium constants
(22 °C) for the solvolysis reactions shown in eqs 3 and 4 are 0.02
and 0.11, respectively. The temperature dependence of these
equilibria is shown in Figure 5. The van’t Hoff analysis in THF

Cp*Ru(NO)(CH,)(OTf) + THF,, =
4

[Cp*Ru(NO)(CH,)(THF)]* + OTf™ K, =0.02 (3)
4a

Cp“Ru(NOs)(Ph)(OTf) + THF =

[Cp*Ru(NO)(Ph)(THF)]* + OTf" K,=011 (4)
Sa

gives AH= -2.1(3) kcal/mol and AS= -9(1) eu for complex 4
and AH = -2.3(2) kcal/mol and AS = -9(1) eu for complex 5.

(27) The Cp*Ru(NO)(Ph)Cl derivative is apparently more sensitive to
HCly,q) than the Cp*Ru(NO)(Me)(Cl) complex: (a) Chang. J.; Bergman,
R. G. J. Am. Chem. Soc. 1987, 109, 4298. (b) Chang. J.; Seidler, M. D,;
Bergman, R. G. J. Am. Chem. Soc. 1989, 111, 3258.

(28) Blosser, P. W.; Gallucci, J. C.; Wojcicki, A. Inorg. Chem. 1992, 31,
2376.

(29) Rotem, M.; Stein, Z.; Shvo, Y. J. Organomet. Chem. 1990, 387, 95.

(30) Albers, M. O,; Liles, D. C.; Singleton, E. Acta Crystallogr., C 1987,
43, 860.

(31) Harding, P. A.; Robinson, S. D.; Henrick, K. J. Chem. Soc., Dalton
Trans. 1988, 415.
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Table 7. Ru-O Bond Lengths of Selected Ru!! Complexes
length

bond (esd) (A) complex ref
Ru-OTf 2.146(4) Cp*Ru(NO)(Ph)(OTf) (5) this work
Ru-OTf 2.233(3) cis-Ru(OTf),(CO)(Cyttp)? 28
2.221(3)
Ru-OC(O)Ph  2.083(7) Ru(CO),(PPh;)2(OOCPhH); 29
2.086(7)
Ru-OC(O)CF; 2.158(4) Ru(H;0)(PMe;);(O0OCCF;); 30
2.179(4)
Ru-OTs? 2.162(6) Ru(H;0)(CO)(PPh3)2(OTs); 31
2.165(5)
4 Cyttp = (PhP(CH,CH,CH,PCy3),). ® OTs = 0S0O,C4H4-p-CHs.
-2
3 =
5§ 4 Y
8
-54 =
3 31 32 33 34
1/T x 1000

Figure 5. In(Ky) versus 1/T for complexes 4 (W) and § (4).

The AS values obtained indicate that neutral triflate complexes
4-6 are favored over the [Cp*Ru(NO)(R)(THF)]*/[OTf]- ion
pairs 4a—6a athightemperatures. Thisis likely duetothe entropic
penalty for solvent organization required for the formation and
stabilization of the ion pair. The similar AH values for the two
reactions indicate relatively little substituent effect between R =
CH; and R = Ph.

Itis perhaps surprising that the equilibria depicted in eqs 3 and
4 are not readily detected in the THF solution IR spectra of
complexes 4-6. Theformation of cationicderivatives from neutral
precursors most often leads to yno absorptions at higher energy.
Since the NMR data obviously reveal the equilibrium processes
depicted in eqs 3 and 4, we deduce that the vno absorption of the
cationic [Cp*Ru(NO)(R)(THF)]*species is coincident with that
of the parent Cp*Ru(NO)(R)(OTf) complex. A possible
explanation for this could be an increase in w-donation to the
metalcenter by the THF ligand, leading to a significant reduction
of the »no absorption energy for the cationic complex. Strong
w-withdrawing power anticipated for the adjacent -SO,CF;
moiety in the OTf- case may reduce the w-donor ability of OTf-,
limiting its interaction with the metal to one of primarily c-donor
character.

Formation and Structure of Ruthenacyclopentadiene Complexes.
Thetreatment of complexes 4-6 with PhC=CPh in CD,Cl, leads
to formation of metallacycle complexes 8-10 over a period of 30
h at ambient temperature. The presence of a small amount of
(Z)-a-methylstilbene is apparent in the '"H NMR spectra of the
crude reaction mixtures. Sincethe reactionshownineq 5 requires

Cp'Ru(N:)();(R)(OTf) + PhC=CPh —
Cp"‘(NO)Illu(C(Ph)=C(R)C;H,R’) + HOTf (5)
8-10

the production of 1 equiv of HOTS, the hindered base N,N-
diisobutyl-2,4-dimethyl-3-pentylamine was added to consume the
HOTI{. Under these conditions, an increased yield of metallacycle
products 8-10 is obtained and no (Z)-stilbene byproduct is
observed (vide infra).

The essential X-ray structural features of complexes 8 and 10
(Figures 3 and 4) are very similar. In both cases, it is clear that
the migrating CH; or p-tolyl groups end up exclusively on a §-site

Burns and Hubbard

Scheme 1
+
—_— ;] otf”
[Ru-OTf + PhC=CPh o= [Rnul_!,u
R R
4-6 \L
Ph Ph
[Rul—c/ R = [Ru]—C/\ B | orf
VTt T BT

¥

. Ph
trans-o-vinyl

cis-o-vinyl
R = Ph, p-tolyl
\LR = Me - HOTf
- HOTf
" (!Ph
[Ru]—
[Rul—‘-l§c/M° S
{Ru] = Ru 9, X=H
8 oN” X 10, X= Me

of the metallacycle ring. The Ru—C,ry and Ru-Cypy bond
distances are typical of those found in other Rull complexes.??
The Ru-C,y distance in the metallacyclopentatriene complex
reported by Singleton et al. (1.942(6) A) is much shorter than
that found in complexes8 and 10.3* The alternating bond lengths
about the metallacycle ring are characteristic of metallacyclic
complexes containing [CpRh(PR;)], [CpIr(PR3)],and [(n-CsHg)-
Os(PR;)] moieties reported by Werner.® Although the X-ray
data show the Ru~N-O angle in complex 8 to be ca. 3° larger
than that in complex 10, the yno absorptions of 8-10 do not show
asignificant electronic substituent effect. In fact, the differences
in Ru~N and N-O distances (which are often a better gauge to
assess a change in metal— NO back-donation) are not significant
between complexes 8 and 10.

Proposed Mechanism for the Formation of Complexes 8-10.
The reaction of complexes 4-6 with PhC=CPh likely follows a
pathway that initiates with the dissociation of a triflate ligand
from the parent complexes (Scheme 1). Monitoring the reaction
of 4 and 5§ with a 10-fold excess of PhC=CPh by !°F NMR
spectroscopy shows the steady increase of the concentration of
free OTf-as a function of time, leading to pseudo-first-order rate
constants 5.2(3) X 105 s7! and 7.7(2) X 105 s! for the
disappearance of complexes 4 and 5, respectively. Monitoring
a similar reaction of complex 4 with PhC=CPh by 'H spec-
troscopy over a similar time period shows transient singlet
resonances at 6 1.64 and & 1.35 that may be tentatively assigned
as evidence for a transient [Cp*Ru(NO(CH;)(PhC=CPh)]*
complex. The observation of a later transient singlet resonance
at 8 2.45 may be due to the methyl group of the ¢-vinyl complex;
however, a separate Cp* resonance is not readily identifiable.
Thus, it is not possible to establish the efficiency of 8-migratory
insertion under the conditions of this reaction. It is unlikely that
reversible 8-migratory insertion occurs in these systems. Even
though thekineticdata show that the phenyl complex 5 disappears
faster than complex 4, to argue that the migratory aptitude for
Phis greater than CH; is in serious conflict with work by previous
researchers.!# In correlation with the equilibrium observed in
THEF (eqs 3 and 4), it is possible that the solvolysis of OTf- in
CH,C); is more favorable for complex 5, making the trapping of
the [Cp*Ru(NO)(Ph)]* species more efficient than the trapping
of the [Cp*Ru(NO)(Me)]+ species.

In the reaction of complex 4 with PhC=CPh to give
metallacycle 8, it is readily apparent that the regiochemistry of
complex 8 is not attainable from an intermediate ¢-vinyl complex
without a cis-trans isomerization about the double bond of the

(32) Bruce, M. L.; Koutsantonis, G. A.; Liddell, M. J.; Tiekink, E. R. T.
J. Organomet. Chem. 1991, 420, 253.

(33) Albers,M.0.;deWaal,D.J. A ;Liles,D.C.;Robinson, D. J.; Singleton,
E.; Wiege, M. B. J. Chem. Soc., Chem. Commun. 1986, 1680.
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[RuC(Ph)=CPh(Me)] moiety (Scheme 1). The kinetic product
of insertion is expected to be a cis-o-vinyl intermediate. The
observation of small amounts of (Z)-a-methylstilbene in the
reaction mixtures is consistent with some loss of the ¢-vinyl ligand
before isomerizationoccurs. The HOTfrequired for this cleavage
step is presumably produced as the byproduct from the final step
of orthometalation.

Since the reaction of complex § with PhC=CPh leads to a
o-vinyl intermediate that possesses two 8-phenyl groups, isomer-
ization is not required to give the metallacycle product 9.
However, in the reaction of complex 6 with PA\C=CPh, only the
formation of complex 10 is observed. This indicates that cis-
trans isomerization of the ¢-vinyl intermediate is slow compared
to orthometalation.

It is possible to rationalize the cis~trans isomerization by
invoking the resonance structure A, where the Ru fragment
formally attains a d® configurationsimilar to that found for several
Cp*Ru(NO)(L) complexes described by Bergman and co-
workers.?” The tertiary carbonium ion is localized on the 3-carbon
atom that has a phenyl group and is stabilized by the triflate
counterion.

WernerS® and Bergman!? have independently observed cis~
trans isomerization of o-vinyl ligands, invoking a resonance form
similar to that of A. A similar isomerization is also quite likely
involved in the formation of ¢-vinyl products reported by Mawby
etal.’* Horton and Orpen’s?® recent report of zirconocene-type
o-vinyl complexes described two isomers that are presumably
cis—trans-g-vinyl intermediates. Veryrecently, Alper? discussed
the appearance of both cis and trans isomers of the products
following alkyne additiontoa Pd center. The proposed mechanism
of isomerization in these Pd complexes also involves a resonance
form B where a d® Pd center formally donates an electron pair
to form the M=C bond, generating a zwitterionic Pd*=C—C-
resonance structure.

Ba.
L, /
AN
C\ /R
C.
\
R
B

Reactivity of Metallacycle 8 with HOTf. As monitored by 'H
NMR spectroscopy, the treatment of purified complex 8 with 1
equiv of HOT leads to the observation of signals at 4 1.79 and
§ 2.52. These signals are similar to those of transient species
observed in the reactions leading to the formation of complex 8
(vide supra) and are taken as evidence that the metallacycle ring
can be opened in a stepwise fashion. Monitoring the treatment
of metallacycle complex 8 with less than 1 equiv of DOTf by 2H
NMR spectroscopy shows the appearance of one signal at § 7.2,
consistent with the cleavage of the Ru-C,y bond and the
appearance of an aryl-type 2H resonance. Continued addition of
DOTI leads to the observation of a second resonance at § 6.9
characteristic of a vinyl proton of (E)-a-methylstilbene. This
evidence shows the Ru—C,,; bond is more readily attacked by D*
than is the Ru~Ci,iny bond.

(34) Crook, J. R.; Chamberlin, B.; Mawby, R. J. J. Chem. Soc., Dalton

Trans. 1989, 465.
(35) Zargarian, D.; Alper, H. Organometallics 1993, 12, 712.
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Treatment of purified metallacycle complex 8 with excess HOTT
leads to the clean generation of Cp*Ru(NO)(OTYf), and (E)-
a-methylstilbene. The fact that no (Z)-a-methylstilbene is
detected shows that isomerization in the ¢-vinyl intermediate is
not a significant process under these conditions.

Summary

We have shown that triflate dissociation from Cp*Ru(NO)-
(R)(OTY) complexes leads to the formation of electrophilic
[Cp*Ru(NO)(R)]* fragments that can bind and activate
PhC=CPh. The final metallacyclic products are observed after
a series of intermediate steps including S-migratory insertion
and cis~trans isomerization of a transient Ru~c-vinyl species.
Throughout this series of events, it is important to consider the
OTS- species both as a competitive ligand and as a stabilizing
factor for intermediates that are formed after 8-migratory
insertion. The successive addition of more PhC=CPh units to
an intermediate Ru-o-vinyl species is likely impeded by the
presence of OTf~. Facilitation of the cis~trans isomerization
required for the formation of complex 8 is very likely the result
of a favorable w-resonance interaction from the vinyl group into
the strongly m-accepting [Cp*Ru(NO)] fragment coupled with
the action of OTf- to help stabilize the positive charge on the
terminal carbon atom. Work concerning the reactivity of
unsaturated organic species with triflate-free [Cp*Ru(NO)(R)-
(THF)]* cations is the subject of forthcoming reports from our
laboratory.

Experimental Section

General Procedures. All manipulations were carried out under Schlenk
techniques. The nitrogen atmosphere was purified by passing it through
scavengers for water (Aquasorb, Mallinckrodt) and oxygen (Catalyst
R3-11, Chemical Dynamics, South Plainfield, NJ). All solvents were
distilled under nitrogen over appropriate drying agents prior to use.
Chemical reagents were used as received from Aldrich unless stated
otherwise. Complexes 1-3 were prepared by literature methods.2”36 N, N-
Diisobutyl-2,4-dimethyl-3-pentylamine (Fluka) was distilled from CaH,
and stored under N; until use. Infrared spectra were recorded on a
Mattson Polaris-Icon FT spectrophotometer. The 'H, 13C, and F NMR
spectra were recorded on a Varian XL 300 spectrometer operating at 300
MHz (‘*H), 282 MHz (*%F), and 46.0 MHz (3H) and a JEOL GX270
spectrometer operating at 270 MHz (‘H) and 68.9 MHz (13C). Residual
solvent peaks were used as internal standards (6 5.32 ('H) and § 53.8
(3C) for CD,Cly; 5 7.24 (*H) and & 77.0 (13C) for CDCl3). °F NMR
chemical shifts are reported with respect to an external trifluoroacetic
acid standard (6 -76.53) upfield of CFCl; (6 0). 2H NMR shifts are
reported with respect to an external CDCI; resonance (6 7.24). Mass
spectra were obtained on a LKB 2091 mass spectrometer using electron
impact ionization and a heated direct inlet probe. Melting points were
measured witha Mel-Temp device (Laboratory Devices) in open capillaries
and are uncorrected. Combustion analyses were performed by Atlantic
Microlab, Inc., Norcross, GA.

Synthesis of Cp*Ru(NO) (CH3)(OTf) (4). Toa stirred solution (CH,-
Clz, 40 mL) of Cp*Ru(NO)Me; (1) (1.48 g, 5.0 mmol) was added
dropwise 0.45 mL (5.1 mmol) of HOTf in 10 mL CH;Cl,. The solution
was stirred for 0.5 h followed by solvent removal in vacuo. The resulting
solid was then dissolved in 40 mL of Et,0 and filtered into a fresh Schlenk
tube. Hexane (20 mL) was added and the volume reduced in vacuo to
10mL. The supernatant was decanted away and the resulting precipitate
dried invacuo to give 1.89 g (4.4 mmol, 88%) of a brown microcrystalline
powder: mp 97-100 °C; IR (CHCl,) vno 1787 em™!, (THF) vno 1791
em; MS (EI) [M]* m/e 430 (4%), [M ~ CH;]* m/e 415 (18%), [Cp*Ru-
(OTf)]* m/e385(55%), [Cp*Ru(NO)==CH,]* m/e 280(3.5%), [HOT{]*
mje 150 (73%), [Cp*]* m/e 135 (100%); 'H NMR (CDCl;) § 1.77 (s,
15H, CsMes), 1.44 (s, 3H, Me); 13C{{H} NMR (CDCl;) 5 8.3 (Me), 9.4
(CsMes), 107.4 (CsMes), 118.9 (q, lJcp = 318 HZ, CFaSO:;); wF{'H}
NMR (CH:CI;) 8 -76.5 (CFaSO;;). Anal. Caled for C]2H13NF304'
SRu: C, 33.48; H, 4.22; N, 3.26. Found: C, 33.31; H, 4.29; N, 3.24.

Synthesis of Cp*Ru(NO)(C¢Hs) (OTP) (5). This complex was prepared
in a manner analogous to that of Cp*Ru(NO)(CH3)(OTf), starting from
Cp*Ru(NO)(Ph); (2) (1.39 g, 3.3 mmol) in 100 mL of CH,;Cl;. The

(36) Hubbard, J. L.; Morneau, A.; Burns, R. M.; Zoch, C. R. J. Am.
Chem. Soc. 1991, 113, 9176.
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product was recrystallized from CH,Cl; layered with hexane at 40 °C
toafford 0.57 g (1.0 mmol 32%) of dark red-brown crystals; mp 102-105
°C; MS (EI) [M]* m/e 493 (4%), [M - NO]* m/e 463 (13%), [Cp*Ru-
(NO)(OTf)]* m/e 385 (9%), [Cp*Ru(OTf)]* m/e 327 (19%), [Ph]* m/e
77 (100%); IR (CH,Cl,) vno 1799 cm~!; tH NMR (CDCl3) & 1.72 (s,
15H, CsMes), 7.10-7.20 (m, 5H, Ph); 13C{!H} NMR (CDCl;) § 9.0
(C5Me5), 110.3 (CsMes), 120.3 (q, 1Jcp =320 HZ, CF3SO3), 125.5 (p-
CsHs), 126.1 (m-Ce¢Hs), 128.1 (0-CeHs), 137.5 (ipso-C¢Hs); F{!H}
NMR (CH;C];) 6-76.4 (CF3SO3). Anal. Calcd for C17H20N04SF3-
Ru: C, 41.46; H, 4.09; N, 2.84. Found: C, 41.35; H, 4.15; N, 2.84.

Synthesis of Cp*Ru(NO)(p-tolyl) (OTf) (6). To a stirred solution of
Cp*Ru(NO)(p-tolyl); (3) (0.52 g, 1.15 mmol) in 50 mL of Et,O was
added 76 uL (0.05 mmol) of HOTf in 5 mL of Et,0. The solution was
stirred for 10 min. After solvent removal in vacuo, the residue was
redissolved in 40 mL of Et;0 and filtered into a fresh Schlenk tube. The
solution was concentrated to 15 mL in vacuo, layered with pentane (20
mL), and placed at —40 °C for 48 h, yielding 0.21 g (0.42 mmol, 36%)
of a red-brown powder: mp 81-82 °C; IR (CH:Cly) vno 1797 cm™!; 'H
NMR (CDCl;) & 1.72 (s, 15H, CsMes), 2.30 (s, 3H, C4H4CH3), 6.96
(dd, 3Jui = 8 Hz, 4H, Cg¢Hy); BC{!H} NMR (CDCl;) § 9.73 (CsMes),
20.8 (CH3), 109.4 (CsMes), 118.8 (q, lJcr = 319 Hz, CF38057), 129.6
(m-C¢H4CH3), 134.8 (p-C¢H4CH3), 135.9 (0-CsH4CH3), 149.2 (ipso-
C6H4CH3). Anal. Calcd for C13H22N04SF3RUZ C, 42.68; H, 4.38; N,
2.77. Found: C, 42.50; H, 4.41; N, 2.70.

Characterization of Complex 7. Complex 1 (2.48 g, 8.37 mmol) was
dissolved in 80 mL of CH,Cl,. To this solution was added dropwise
excess triflic acid (1.60 mL, 18.08 mmol, 2.16 equiv) in 10 mL of CH»-
Cl,. The solution changed from deep red to purple with gas evolution.
After 1 hour of vigorous stirring, the solution volume was reduced to ca.
10 mL and 60 mL of Et,O was added to precipitate the product. The
colorless supernatant solution was decanted away and the product dried
under vacuum, yielding 4.68 g (8.29 mmol, 99%) of 7 as a purple
microcrystalline powder: mp 209-211 ¢C; lH NMR (CD;Cl;) 6 1.87 (s,
Cp*); 13C{!H} NMR (CD,Cl,) é 10.1 (CsMes), 113.9 (CsMes), 119.4
(q, OSO,CF;, Vg = 318.4 Hz); I9F{!H} NMR (CHCl,) § -76.02; IR
(CH;C];) vNo 1848 cml, Anal. Calcd for C12H15F6NO7Ru82 (564.4):
C, 25.53; H, 2.68; N, 2.48. Found: C, 25.05; H, 2.75; N, 2.43.

Synthesis of Cp'Rl,l(NO) (C(Ph)=C(CH3)CIJ-I4) (8). ASchlenktube
was charged with 0.138 g (0.32 mmol) of Cp*Ru(NO)(CHj3)(OTY) (4),
0.057 g (0.32 mmol) of PhC==CPh, and 10 mL of CH,Cl,. Tothesolution
was added 120 uxL (0.35 mmol) of N,N-diisobutyl-2,4-dimethyl-3-
pentylamine, and the mixture was stirred at room temperature for 15 h,
After removal of solvent in vacuo, the residue was extracted with2 X 10
mL portions of hexane. The filtered extract was concentrated to 5 mL
and placed at —40 °C for 24 h. The supernatant was decanted and the
resulting solid dried under vacuum to yield 0.10 g (0.22 mmol, 68%) of
orange microcrystals, mp 233-235 °C, X-rayquality crystals were grown
from the slow evaporation of a hexane solution: MS (EI) [M]* m/e 459
(97%), [M - NOJ* m/e 428 (100%), [Cp*Ru]* m/e 236 (45%); IR (CH»-
Cly) vNo 1738 em1; 'H NMR (CDCl;) 6 1.52 (s, 15H, CsMes), 2.12 (s,
3H, Me), 6.9-7.4 (m, 9H, phenyls); 1*C{!H} (CDCl;) 6§ 9.6 (CsMes),
15.6 (Me), 104.1 (CsMes), 122.0,123.5,124.7,128.4,137.2,145.0,161.0,
168.4 (Ph’s and C=C). Anal. Calcd for C;sH7NORu: C, 65.48; H,
5.93; N 3.05. Found: C, 65.24; H, 6.01; N, 3.02.

Synthesis of Cp*Ru(NO)(C(Ph)—C(Ph)C¢H,) (9). A Schlenk tube
was charged with 0.12 g (0.24 mmol) of Cp*Ru(NO)(C¢Hs)(OTf) (8),
0.043 g (0.24 mmol) of PhC=CPh, and 20 mL of CH,Cl,, and the
mixture was stirred magnetically for 10 h at room temperature. After
solvent removal in vacuo the resulting solid was extracted with 20 mL
of hexane. The hexane solution was evaporated to afford an orange solid.
Recrystallization by slow evaporation of hexane gave 0.02 g (0.11 mmol,
46%) of red needles: mp 180 °C; MS (EI) [M]* m/e 521 (100%), (M
~NOJ* m/e 491 (33%); IR (CH2Cl,) vno 1734 cm~; 'THNMR (CDCl;)
6 1.57 (CsMes) 6.75-7.55 (m, Ph’s); 3C{IH} NMR (CDCl;3) & 9.6
(CsMes), 104.3 (CsMes), 123.5,123.8,124.5,124.9, 125.8,127.0, 128.3,
128.8, 131.6, 137.5, 140.6, 147.3, 153.4, 161.0, 168.4, 171.6.

Cp"'Rlll(NO) (C(Ph)=C(Ph)C'5H3CH3) (10). This complex was pre-
pared starting from 0.2 g (0.4 mmol) of Cp*Ru(NO)(p-tolyl)(OTf) (6)
and 0.11 g (0.62 mmol) of PhC=CPh in 20 mL of CH,Cl,. The solution
was stirred for 12 h atroom temperature. After solvent removal invacuo,
the residue was extracted with 3 X 10 mL portions of hexane. Solvent
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removal in vacuo followed by sublimation to remove the unreacted
PhC==CPh and recrystallization from evaporation of hexane gave 0.1 g
(0.2 mmol, 47%) of red crystals: mp 222 °C; MS (EI) [M]* m/e 534
(100%), [M = NOJ* m/e 504 (80%); IR (CH.Cl;) vno 1736 cm™!; 'H
NMR (CDCls) 6 1.57 (s, 15H, CsMes), 2.30 (C¢H3CH3), 6.67 (d, 1H,
3Juu = 7.6 Hz), 6.76 (br d, 1H, 3Jgg = 7.6 Hz (4Jgx = 1.5 Hz from
decoupling at é 2.3)), 6.87-7.2 (m, 10H, phenyl rings), 7.29 (br s, 1H,
4Jun = 1.5 Hz from decoupling at § 2.3); 3C{1H} (CDCl;) §9.7 (CsMes),
21.2(C¢H3;CH3), 104.2 (CsMes), 123.4,124.3,125.5,125.7,126.9,128.9,
132.7, 138.6, 140.8, 147.4, 153.2, 158.1, 168.3, 170.0 (Ph’s and C=C).
Anal. Calcd for C31H3 NORu: C, 69.64; H, 5.84; N, 2.62. Found: C,
69.43; H, 5.82; N, 2.57.

Reaction Profiles by NMR Spectroscopy. In a typical experiment an
NMR tube was loaded with 7 mg of 4 or § and 10 equiv of PAC=CPh,
0.5 mL of CDCl; was added along with 1 L of 1,2-dichloroethane as
aninternal standard for {H NMR spectroscopy, and a \H NMR spectrum
was taken immediately. The reaction was then followed by both !9F and
TH NMR spectroscopy over a period of 30 h.

Equilibrium Measurements in THF. An NMR tube was charged with
8 mg of Sand 0.5 mL of freshly distilled THF, and a similar NMR tube
containing 7 mg of 4 was also prepared. 1F NMR spectra were measured
over a range of 22-55 °C. The solution was allowed to equilibrate in the
probe of the NMR spectrometer at the desired temperature before a
spectrum was measured. Long T delays were routinely employed so
that the integration values from the spectra could be used for subsequent
van’t Hoff plots.

Reaction of 8 with 1 equiv of HOTf. An NMR tube was loaded with
4 mg of 8 and 0.5 mL of CDCl; and stoppered with a rubber septum.
An initial 'H NMR spectrum was measured. Usinga microliter syringe,
0.5 uL of HOTfwasadded through the septum, and a spectrum measured.
The solvent was removed in vacuo and CH,Cl; added. A small amount
of the solution was removed and used to obtain an IR spectrum. The
solvent was again removed invacuo, the resulting solid dissolved in CDCls,
and a 'H NMR spectrum remeasured.

Preparation of DOTF. A vacuum bulb was charged with 6 mL of
Tf,0 (triflicanhydride) and 0.5 mL of D,O and stirred for several hours.
The resulting solution was distilled under vacuum to remove unreacted
D;0 and Tf;0. The enrichment as DOTf was determined to be >90%
by assessing the CH4:CH;3D ratio produced when Cp*Ru(NO)(Me); (1)
is treated with the prepared DOTS.

Reaction of 8 with DOTf. An NMR tube was loaded with 6 mg of
8, dissolved in 0.5 mL of CH;Cly, and stoppered with a rubber septum
and a 2H NMR spectrum recorded. A microliter syringe was used to
deliver 1 uL of DOTS through the septum and a 2H NMR spectrum
measured.

Reaction of 8 with Excess HOTf. An NMR tube was loaded with 3
mg of 8 and 0.5 mL of CDCl; and stoppered with a rubber septum. An
initial 'H NMR spectrum was measured. A microliter syringe was used
todeliver 5 uL of HOTf through the septum, and a spectrum was measured.
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