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It has been suggested that the reactivity of sz-donating ligands bound to late-transition-metal complexes is heightened
due to high d-electron counts. Herein, the synthesis and characterization of the Ru(ll) amine and Ru(ll) amido
complexes [TpRuL,(NH,Ph)][OTf] (OTf = trifluoromethanesulfonate) and TpRuL,(NHPh) (L = PMe; or P(OMe)s)
are presented, including solid-state X-ray diffraction studies of [TpRu(PMe3),(NH,Ph)][OTf], [TpRu{ P(OMe)s} 2(NH,-
Ph)][OTf], and TpRu{P(OMe)s}2(NHPh). The pK,'s of the Ru(ll) amine complexes and the previously reported
[TpRu(CO)(PPhs)(NH.Ph)]* have been estimated to be comparable to that of malononitrile in methylene chloride.
In addition, the impact of the filled dzz-manifold (i.e., Ru(ll) and d® octahedral systems) on barriers to rotation of the
Ru—NHPh moieties has been studied. For TpRu(PMes),(NHPh) and TpRu{ P(OMe)s} »(NHPh), evidence for hindered
rotation about the amido nitrogen and phenyl ipso carbon has been observed, and the relative N-C and Ru—N
bond rotational barriers for the series of three amido complexes are discussed in terms of the s-conflict.

Introduction hedral and lamido complexes are relatively rare, and this
is especially true for systems that lack aryl substituents on
the amido ligan&:5%-2! Efforts directed toward the synthesis
and reactivity of late transition metal amido complexes and

Late-transition-metal amido complexes are known to be
important to a variety of important reactiohd. Since the
homolytic bond strengths of late transition metal amido bonds
have been demonstrated to be relatively strofrglternative (9) Kaplan, A. W.; Ritter, J. C. M.; Bergman, R. G. Am. Chem. Soc.
igﬂanatlons for the scarcity and high reactivity of such (10) ]I.:?J?t%n]:ZJc.)’ 3.8;258; Sﬁigr-np’ M. W.: Bergman, R.5Am. Chen. Soc.

plexes have been proposed. For example, it has bee 200Q 122 8799-8800.

suggested that the-conflict between filled metald-orbitals (11 rgagéwi%llz 51 ﬁggigen, R. A.; Bergman, R.J5Am. Chem. Soc.
and ligand-based electron pairs is responsible, at least in party; 5) \acgregor, S. A.- MacQueen, Dorg. Chem1999 38, 4868-4876.

for the paucity of late-transition-metal complexes with (13) Woerpel, K. A.; Bergman, R. G. Am. Chem. So2993 115 7888~
n-donating ligand$:2 Along these lines, examples of octa- 7889.

(14) Hsu, G. C.; Kosar, W. P.; Jones, W. Organometallics1994 13,
385-396.
* Author to whom correspondence should be addressed. Fax: (919) 515- (15) Glueck, D. S.; Bergman, R. ®rganometallics1991, 10, 1479
8909. E-mail: brent_gunnoe@ncsu.edu. 1486.
(1) Hartwig, J. FAngew. Chem., Int. EAL998 37, 2046-2067. (16) Glueck, D. S.; Winslow, L. J. N.; Bergman, R. Grganometallics
(2) Roundhill, D. M.Catal. Today1997, 37, 155-165. 1991 10, 1462-1479.
(3) Roundhill, D. M.Chem. Re. 1992 92, 1-27. (17) Flood, T. C.; Lim, J. K.; Deming, M. A.; Keung, VDrganometallics
(4) Miller, T. E.; Beller, M.Chem. Re. 1998 98, 675-703. 200Q 19, 1166-1174.
(5) Bryndza, H. E.; Fong, L. K.; Paciello, R. A.; Tam, W.; Bercaw, J. E. (18) Dewey, M. A.; Arif, A. M.; Gladysz, J. AJ. Chem. Soc., Chem.
J. Am. Chem. S0d.987, 109, 1444-1456. Communl1991 712-714.
(6) Hartwig, J. F.; Andersen, R. A.; Bergman, R.@ganometallics1 991, (19) Dewey, M. A.; Knight, D. A.; Arif, A.; Gladysz, J. AChem. Ber.
10, 1875-1887. 1992 125, 815-824.
(7) Caulton, K. G.New J. Chem1994 18, 25-41. (20) Boncella, J. M.; Eve, T. M.; Rickman, B.; Abboud, K. Rolyhedron
(8) Mayer, J. M.Comments Inorg. Chemi988 8, 125-135. 1998 17, 725-736.
3042 Inorganic Chemistry, Vol. 41, No. 11, 2002 10.1021/ic020163j CCC: $22.00  © 2002 American Chemical Society

Published on Web 04/27/2002



Influence of the Filled dz-Manifold and Ligands

Scheme 1. The Presence ot-Conflict Leads to a Filled Antibond were obtained on a Varian 300 MHz spectrometer and referenced
7*-Molecular Orbital against external 85% 4RQ,. All variable-temperature NMR
. fv'[—i\i\‘R i\i\\R experiments were performed on a General Electric 300 MHz
M \R \R spectrometer. UVvis spectra were obtained on a Varian Cary 3E
spectrophotometer. IR spectra were obtained on a Mattson Genesis
. "ﬂ N Il spectrometer either as thin films on a KBr plate or in a solution
MD{Jr L VoI using a KBr solution plate. Electrochemical experiments were
age OM‘_g\"l‘zR Y performed under a nitrogen atmosphere using a BAS Epsilon
# 8 Potentiostat. Cyclic voltammograms were recorded in a standard
s ‘\‘R three-electrode cell from-2.00 to+2.00 V with a glassy carbon
: . working electrode and tetrabutylammonium hexafluorophosphate
QMO_ g as an electrolyte. Tetrabutylammonium hexafluorophosphate was
Ide O dried under a dynamic vacuum at 130 for 48 h prior to use. All

potentials are reported versus NHE (normal hydrogen electrode)
related systems have begun to delineate the reactivity patterné'smg cobaltocenium hexafluorophosphate as an internal standard.
of such complexe® 22 According to ther-conflict theory, Elemental analyses were performed by Atlantic Microlabs, Inc. The
. . ... syntheses of TpRu(CO)(PRINHPh) (1), TpRu(PMe),(OTf) (2),
the reactive nature of high d-electron count complexes with
. . . . . . . TpRU P(OMe}},(Cl) and TpR§P(OMe)},(OTf) (3) have been
m-donating ligands is derived from an occupied antibonding

R X _ : previously reporteé2”Li{ (NC),CH} was generated by the reaction
m*-orbital (Scheme 1); however, the extent to which the ot majononitrile with 1 equiv of-BuLi in benzene followed by
mi-conflict contributes to the reactivity of late transition metal yacyum filtration to collect the resulting white precipitate. All other

amido complexes and the factors that controltheonflict reagents were used as purchased from commercial sources.
are not well understootf. Given the presence of late [TpRuU(PMe3),(NH-Ph)[OTf] (4). TpRu(PMe)(OTf) (2) (1.3674
transition metal amido bonds in important reactions, under- g, 2.222 mmol) was dissolved in approximately 50 mL of THF
standing the features that modulate amido reactivity (and (OTf = trifluoromethanesulfonate). To this solution was added
possibly thez-conflict) is important. Here, we report studies ~ aniline (2.1295 g, 21.6 mmol), and the resulting mixture was

of TpRu(L)(L')(NHPh) in which L= L' = PMe; or P(OMe) allowed to stir for 24 h. The solution was concentrated to
or L = CO and L' = PPh, including the basicity of trlle approximately 20 mL in vacuo, and diethyl ether (approximately
amido ligands and the relative RdNamgoand Numigo—Conenyi 40 mL) was added to precipitate the product. The product was

. . collected via vacuum filtration through a fine porosity frit and
bond rotational barriers. To our knowledge, the TPRU(L)- \agneq with diethyl ether (2 10 mL) to give a white solid (1.4089
(LY(NHR) (R= Ph or H) systems are the first examples of "1 988 mmol, 90%). IR (thin film on KBr plate)yy, = 3285

a series of octahedral and @mido complexes in which the  ang 3262 cmt, vey = 2481 cnl. UV—vis (THF): Amax = 267

ancillary ligands are varie#. nm (€ = 0.96 x 10* M~1cm1). IH NMR (CDsCN, 6): 7.85, 7.25
. . (each 2H, each a d, TpHC3 or 5 position), 7.80, 7.38 (each 1H,
Experimental Section each ad, Tp @ 3 or 5 position), 6.95 (3H, m, overlap of NBgHs

meta and para), 6.35 (2H, &4y = 7 Hz, NH,CgHs ortho), 6.18
(2H, t, Tp CH 4 position), 6.14 (1H, t, Tp B 4 position), 4.77
(2H, br S, N'|2Ph), 1.30 (18H, viJpy = 7 Hz, P(CH3)3) 13C{1H}-
NMR (CDsCN, ¢): 145.8, 142.7, 142.5, 136.9, 136.3 (each an s,
Tp CH 3 or 5 position, and amine phenyl ipso carbon), 128.8, 125.1,
122.7 (each an s, amine phenyl ortho, mata para), 106.7, 106.0
(each an s, TiICH 4 position), 18.1 (diJpc = 12 Hz).3P{H}-
NMR (CDCls, 6): 10.9. CV (THF, TBAH, 100 mV/s):E, .= 1.82
V (Ru(lli/l)). Anal. Calcd for G H3sBFsN7OsP,RuS: C, 37.29;
H, 4.98; N, 13.84. Found: C, 37.16; H, 4.95; N, 13.61.
[TpRu{P(OMe)s} ,(NH,Ph)][OTf] (5). To a solution of TpRu-
{P(OMe}}.Cl (1.2587 g, 2.106 mmol) in approximately 50 mL of
THF was added AgOTf (0.5413 g, 2.107 mmol). The resulting
solution was refluxed for 20 h. During the reaction, the formation
of a white precipitate (AgCl) was noted. The solution was cooled
to room temperature and filtered through a fine porosity frit. Aniline
(2.0564 g, 20.9 mmol) was added to the resulting solution. The
mixture was allowed to stir for an additional 24 h. The solution
was concentrated to approximately 20 mL in vacuo, and diethyl
ether (approximately 40 mL) was added to precipitate the product.

General Methods.All reactions and procedures were performed
under anaerobic conditions in a nitrogen-filled glovebox or by using
standard Schlenk techniques. Glovebox purity was maintained by
periodic nitrogen purges and monitored by an oxygen analyzer (O
(g) < 15 ppm, for all reactions). Hexanes were purified by passage
through a column of activated alumifaTHF, toluene, benzene,
and diethyl ether were dried by distillation over sodium/benzo-
phenone. Benzendyand CQXCN were purified by distillation from
Cahp, degassed, and stored ove A sieves. CDG and CDQCl,
were degassed via three freezrimp—thaw cycles and stored over
4 A sieves.’H and3C NMR spectra were obtained on a Varian
Mercury 300 MHz or General Electric 300 MHz spectrometer.
Resonances due to the Tp ligand are reported by chemical shift
and multiplicity only. All 33, values for the pyrazolyl rings are 2
Hz. All H and13C NMR spectra were referenced against tetra-
methylsilane using residual proton signalsl NMR) or the 13C
resonances of the deuterated solvé#& (N\MR). 3P NMR spectra

(21) Joslin, F. L.; Johnson, M. P.; Mague, J. T.; Roundhill, D. M.
Organometallics1991, 10, 2781-2794.

(22) Bryndza, H. E.; Tam, WChem. Re. 1988 88, 1163-1188. The product was collected via vacuum filtration through a fine
(23) Fulton, J. R.; Holland, A. W.; Fox, D. J.; Bergman, R.Agc. Chem. porosity frit and washed with diethyl ether 3 10 mL) to give a
24) ﬁ%?lfr?t?,zP?,ﬁf_.?:\sd%rsen, R. A Bergman, R. Gomments Inorg. white solid (1.5823 g, 1.967 mmol, 93%). IR (thin film on_KBr

Chem.1099 21, 115-129. plate): vy = 3318 and 3250 cri, vgy = 2450 cntt. UV—vis
(25) Jayaprakash, K. N.; Conner, D.; Gunnoe, TOBganometallic2001, (THF): Amax=223nm € =2.0x 10* M~1cm1). IH NMR (CD»-

20, 5254-5256.
(26) Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; (27) Jayaprakash, K. N.; Gunnoe, T. B.; Boyle, Plirg. Chem2001
Timmers, F. JOrganometallics1996 15, 1518-1520. 40, 6481-6486.
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Cly, 0): 7.77, 7.39 (each 2H, each a d, TH@ or 5 position), 129.4,128.5, 115.9 (each an s, amido phenyl ortho, meta, and para),
7.71, 7.63 (each 1H, each a d, TpI@ or 5 position), 6.99 (3H, 106.0, 105.7 (each an s, T¢H 4 position), 18.9 (dXJpc = 12 Hz,

m, overlapping NHCsHs meta and para), 6.35 (2H, &8lyy = 7 P(OCHj3)3). 31P{*H} NMR (THF-dg, 0): 137.5 (s,P(CHg)3). CV

Hz, NH,C¢Hs ortho), 6.16 (3H, m, overlapping TpHC4 position), (THF, TBAH, 50 mV/s): E;, = —0.25 V (Ru(lll/Il)). Anal. Calcd
4.74 (2H, brs, N‘|2C6H5), 3.44 (18H, vtJpy = 10 Hz, P(OCH3)3) for Cy1H3sBN;P,OsRU-CGsHg: C, 44.27; H, 5.50; N, 13.38. Found:
13C{H} NMR (CD,Cly, 9): 148.3,144.7,137.7,137.0 (each ans, C, 42.50; H, 5.42; N, 13.22.

Tp CH 3 or 5 position), 142.7 (amine phenyl ipso carbon), 129.9, NMR Tube Reactions of Amido Complex 1, 6, or 7 with
127.1, 124.7 (each an s, amine phenyl ortho, meta, and para), 106.8Malononitrile. All reactions followed the same general procedure.
106.7 (each an s, T@H 4 position), 53.2 (br s, P(CH3)). 31P- Inside a nitrogen-filled glovebox, an NMR tube was charged with
{*H} NMR (CDsCN, 9): 139.3 (s,P(OCHg)3). CV (THF, TBAH, a known amount of the appropriate amido complex. One equivalent
100 mV/s): Epa = 1.86 V (Ru(lll/Il)). Anal. Calcd for GoHzs- of malononitrile was weighed out and dissolved in £, and
BFsN;OgP;RUS: C, 32.85; H, 4.39; N, 12.19. Found: C, 33.02; this solution was added to the NMR tube with the amido complex.

H, 4.28; N, 12.24. A H NMR spectrum was immediately acquired at room temper-
TpRu(PMes),(NHPh) (6). A colorless solution of [TpRu(PMg- ature. Variable-temperatutel NMR experiments were performed

NH,Ph][OTf] (4) (0.1151 g, 0.162 mmol) in approximately 20 mL by lowering the temperature of the NMR probet80 °C.

of THF was cooled to-78 °C. Sodium bis(trimethylsilyl)amide UV —Vis Experiments for Reactions of Amido Complex 6 or

(0.178 mmol, 1.0 M in THF) was added dropwise via a microsy- 7 with Malononitrile. The procedure that was utilized for thd-
ringe. After the addition of base, the color of the solution was noted NMR' spectra of complexe$ and 7 with malononitrile was

to be pale yellow. The solution was allowed to warm to room followed. The reaction solutions were transferred to a quartz cuvette
temperature, and a color change to dark brown/yellow was noted. (Sealed under nitrogen), and bWis spectra were acquired.

The volatiles were removed under reduced pressure. The resulting Crystal Structures of [TpRu(PMe3):NH-Ph][OTf] (4), [TpRu-

solid was dissolved in benzene (approximately 60 mL) and filtered {P(OMe)s}NH-Ph][OTf] (5), and TpRu{P(OMe)s}(NHPh) (7).
through a fine porosity frit. Benzene was removed from the filtrate For full details of X-ray structure determination of these CompleXeS,
under reduced pressure to yield a pale yellow solid (0.082 g, 0.147 please see Supporting Information.

mmol, 90%). IR (solution cell in THF)vyy = 3326 cnr?, vgy =
2467 cnl, UV—vVis (THF): Amax=293 nm € = 1.7 x 10* M~
cm). *H NMR (CeDg, 9): 7.66, 7,47 (each 2H, each a d, TpIC We have previously reported the synthesis of TpRu(CO)-
3 or 5 position), 7.51, 6.89 (each 1H, each a d, Tid € or 5 (PPh)(NHPh) (1) as well as TpRu(PMg(OTf) (2) and
po§|t||_|0n), r7{22 |(2H, tiJ.;SH8=8 zziz,tpge% metat)_y 6-)4% (ég&?mt TpRU P(OMe}}(OTf) (3) (OTf = trifluoromethanesul-

— (72, phenyl para), ©. b 1Pris position), . 'L fonate)??7 Ligand exchange of triflate upon reaction »f
TP O 4 position), 2.80 (1H, brs, NPh), 0.92 (18H, vtJpy = 6 or 3 with excess aniline yields the corresponding Ru(ll)

Hz, P((H3)3). At room temperature in Dg, the resonances due to . | 1). Th . | h
the ortho protons are broadened into the baseline. IaCGat amine complexes (eq 1). The amine complexes are charac-

room temperature, the ortho protons are observed as a broad singlet

Results

at approximately 5.8 ppm3C{1H} NMR (CsDs, 6): 163.3 (s, Ph Ph_ /H/H_| ot
ipso), 145.7, 142.8, 136.0, 135.8 (each an sCH3 or 5 position), X e = N
129.4,128.5, 115.9 (each an s, amido phenyl ortho, meta, and para), /@?)RU‘;LL i ‘ql;Ru’;L (0
106.0, 105.7 (each an s, §H 4 position), 18.9 (diJpc = 12 Hz, 1\“’ 111 Nl’ IL

P(CH3)3). 31P{1H} NMR (C¢Ds, 9): 17.5 (S,P(CHs)3). CV (THF, 5—NO BN

TBAH, 50 mV/s): Ei, = —0.28 V (Ru(lll/Il)). Anal. Calcd for H H

CoiH3BN-P,RU: C, 45.17; H, 6.14; N, 17.56. Found: C, 45.29; 2L PMes 41 = PMes

H, 6.17; N, 17.29. 3L - P(OMe); 5L = P(OMe);

TpRu{P(OMe)s} (NHPh) (7). A colorless solution of [TpRu-
{P(OMe}},NH,Ph][OTf] (5) (0.1142 g, 0.142 mmol) in ap- terized by broad resonances for the amine protons at 4.77
proximately 20 mL of THF was cooled t678 °C. To this solution and 4.74 ppm in théH NMR spectra o#t and5, respectively,
was added dropwise via a microsyringe sodium bis(trimethylsilyl)- and cyclic voltammetry experiments reveal irreversible
amide (0.156 mmol, 1.0 M in THF) . After the addition of amide,  gyidation waves at 1.82 and 1.86 V (versus NHE). The amine
the color of the solution was noted to be yellow. The solution was ligands of4 and 5 are deprotonated upon treatment with

allowed to warm to room temperature, and a color change to dark . . .
yellow was noted. Removal of the volatiles under reduced pressurel\lal\l(SIMeé)2 to yield the amido complexeand7 (eq 2).

yielded a yellow solid. The resulting solid was dissolved in benzene

) : - e phH_ TJ0Tf Ph .. H
(approximately 60 mL) and filtered through a fine porosity frit. . \I\/I/H PN N
Benzene was removed from the filtrate under reduced pressure to I‘g—D L NaNGSiMesy), I‘g—D < L
yield a bright yellow solid (0.085 g, 0.130 mmol, 91%). IR (solution /@?/T“’\L —_— ﬁ/ﬂ‘“’\ @
cell in THF): vyy = 3378 cnil, vgy = 2467 cntl. UV—vis 1\{\ N 1\{\ N
(THF): Amax= 284 nm ¢ = 1.3 x 10* M~ cm ). 1H NMR (CeDs, H,B/N@ H_B/NO

0): 7.98, 7.56 (each 2H, each a d, TpI@ or 5 position), 7.87,
7.46 (each 1H, each a d, TEHG3 or 5 position), 6.93 (2H, 84y 4L~ PMg; 6 L = PMe;

= 7 Hz, phenyl meta), 6.36 (1H, #Juy = 7 Hz, phenyl para), SL-POMe) 7L = P(OMe);

6.00 (3H, m, overlap of Tp B 4 position and phenyl ortho), 5.86

(1H, t, Tp CH 4 position), 3.14 (18H, viJpy = 10 Hz, P(O®3)s), The amido protons fo6 and 7 resonate at 2.80 and 1.98
1.98 (1H, br s, MPh).13C{*H} NMR (CgDs, 0): 163.3 (s, phenyl ppm, respectively, in theitH NMR spectra. The negative
ipso), 145.7, 142.8, 136.0, 135.8 (each an sCH3 or 5 position), shifts for the Ru(lll/Il) oxidation potentials relative to the
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Table 2. Selected Bond Distances (A) and Angles (deg) for
[TPRU(PMe)2(NHPI[OTH)] (4), [TpRU P(OMe)} o(NHPh)|[OTH (5),
and TpR§P(OMe}}(NHPh) (7)

Bond Distances

atoms complex complex5 complex?
Ru—P1 2.3064(9) 2.2336(6) 2.2275(5)
Ru—P2 2.3116(10) 2.2209(6) 2.2186(5)
Ru—N1 2.091(3) 2.0947(18) 2.1111(15)
Ru—N3 2.176(3) 2.1620(18) 2.1772(15)
Ru—N5 2.158(3) 2.1620(18) 2.1532(15)
Ru—N7 2.211(3) 2.1822(19) 2.1012(15)
N7—C10 1.444(5) 1.451(3) 1.365(2)
N Bond Angles
). atoms complex complex5 complex?
. P1-Ru—P2 100.79(3) 91.29(2) 92.822(17)
e Rul-N7-C10 123.6(2) 120.78(14) 135.30(13)
c12 Ci8 N7-C10-C11 120.5(3) 119.4(2) 120.50(16)
N7—-C10-C15 119.6(3) 120.3(2) 115.84(16)
Figure 1. ORTEP di f [TPRu(PME(NH:Ph)][OTT] (4). N1-Ru-N3 86.77(11) 87.57(7) 85.71(6)
aure fagram of [TPRu(PMR(NHZPMIIOTA (4) N1—-Ru—N5 88.65(11) 85.74(7) 86.24(6)
Table 1. UV—Vis Data for Ru(ll) Amine and Ru(ll) Amido N3—Ru—N5 83.02(11) 83.96(7) 83.98(6)
Complexes in THF N3—Ru—N7 90.51(11) 87.90(7) 92.45(6)
P1-Ru—N7 88.71(8) 86.81(5) 90.01(4)
complex Amax(nm) e (M~tcm™) P2—Ru—N7 95.79(9) 92.45(6) 89.52(4)
[TPRU(CO)(PPE)(NHoPR)J[OT] 207 8.2% 10° N1—-Ru—N7 176.74(11) 175.43(7) 176.89(6)
E:Fpplf?uu((???ﬂ)gf(,ﬂg\igg?[)é?ﬂ @) gég é:§gxl(1)404 Table 3. Selected Crystallographic Data and Collection Parameters for
[TPRY P(OMe}}o(NHPh)][OT] (5) 223 2.0x 10* [TPRU(PMe)2(NHPh)][OTH] (4), [TpRU P(OMe}} o(NHPh)|[OTH (5),
TpRu(PMe)2(NHPh) ) 293 1.7x 10° and TpR§P(OMe}}(NHPh) (7)
TpRU P(OMe}}(NHPh) (7) 284 1.3x 10* complex4 complexs complex7
I . . formul H34BFs- Co2H3sBF3- CorHadB-
oxidation potentials of the amine complexeand5 (Ey;, = ormeia QZNfésijus N.OPRUS  N.OPRU
—0.28 and—0.25 V for6 and7, respectively) are consistent ~ mol wt 707.43 804.43 732.48
with the deprotonation reactions. UWis data for the series gg;ct eS)(;EJup ;&'C"”'C P”;‘:”OC"”'C Pﬁlr'c"”'c
. . 1lc
of amine and amido complexes [TpRu(L)(NH2Ph)][OTf] a A 9.4185(10) 9.1753(6) 9.8449(4)
and TpRu(L)(L)(NHPh) are shown in Table 1. b, A 11.9282(14) 23.7851(18) 11.2687(4)
The X-ray structure of [TpRu(PMi(NHPh)][OTf] (4) C Reg PR A e AL
shows a pseudooctahedral coordination sphere (Figure 1). g deg 93.045(13) 92.307(5) 87.380(4)
Data collection parameters and selected bond distances and?. C}j\eg 106.552(8) 87.854(4)
angles are displayed in Tables 2 and 3. The-Rubond \z/ ;507'7(3) 43336'6(4) 21641'22(10)
distances are 2.3064(9) and 2.3116(10) A. The-Rid— Deacs g CMT3 1558 1.601 1.482
C10 bond angle is 123.6(2)and the N7~C10 bond distance total no. 5244 5817 5751
is 1.444(5) A. The N-C bond distance of aniline is 1.398 uni‘;fufﬂns 5244 5817 5397
A.22 The Ru-N7 bond distance (2.211(3) A) is slightly refins
longer than the RuN bond distances of the Tp ligand R 0.028 0.025 0.022
0.045 0.030 0.038

(average R&-N bond distance for the three pyrazolyl rings
is 2.142(5) A). The shorter ReN1 (Tp) bond distance
(2.091(5) A) compared with the other two Rpyrazolyl
bond distances (average 2.167(4) A) is indicative of an amine
trans effect. Evidence of hydrogen bonding between the
aniline ligand and triflate anion is observed in the structure
of 4. For example, bond distances between the amine protons
and triflate oxygen atoms are 2.20(6) A (H#&)1) and
2.06(4) A (H7(b>-02), with N7—01 and N7-02 distances

of 2.966(4) and 3.018(4) A, respectively.

Inspection of the ORTEP diagram for [TpRR(OMe)} -
NH,Ph][OTf] (5) indicates an amine orientation that is
analogous to that of complex(Figure 2). The Ru-phosphite
bond distances of complex are 2.2336(6) and 2.2209(6)
A. The Ru-N7—C10 bond angle (120.78(1%3)for the

phosphite complex is slightly reduced compared with that
of complex4, and the N7~C10 bond distance (1.4531(3)
A) is close to that of comple#. The Ru-N7 bond distance
(2.1822(19) A) of comple% is shorter than that of complex
4 and is only slightly longer than the Ryyrazolyl bond
distances (the average Rpyrazolyl bond distance is 2.139-
(31) A). As with complex4, the Ru-pyrazolyk-nitrogen
bond distance trans to the amine ligand of compfex
(2.0947(18) A) is longer than the other two Rpyrazolyl
bond distances (average bond distance of 2.1620(25) A).
Similar to complexd, hydrogen bonding is observed between
the amine ligand and triflate anion (see Supporting Informa-
tion for details).

The Ru-P bond distances (2.2275(5) and 2.2186(5) A)
of TpRU P(OMe)}(NHPh) (7) are only slightly shorter than
those of complexs (Figure 3). The Re-N7 bond distance

(28) Fukuyo, M.; Hirotsu, K.; Higuchi, TActa Crystallogr., Sect. B982
38, 640-643.
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Figure 3. ORTEP diagram of TpRUWP(OMe}}>(NHPh) (7).
Figure 2. ORTEP diagram of [TpRP(OMe)} 2(NH2Ph)][OTf] (5).

] ] . approximately 3.2 in dimethyl sulfoxide and is acidic enough
of 2.1012(15) A is almost identical to the RN1 bond {5 protonate the Ru(ll) amide complexes TpRu(CO)@#Ph
distance (2.1111(15) A) of th&rans-pyrazolyl ring. The (NHPh) @), TpRu(PMe)(NHPh) @), and TpR§P(OMe)} »-
average of the Rupyrazolyl bond distances is 2.1472(25) (NHpPh) @).3!

A, and the Re-N7—C10 bond angle is 135.30(X3)The To more accurately quantify the basicity of the three amido
N7—C10 bond distance is 1.365(2) A and is shorter than complexes TpRu(CO)(PR{NHPh) (1), TpRu(PMe),-
the analogous distance for the Ru(ll) amine complexasd (NHPh) 6), and TpR§P(OMe)} (NHPh) (7), we reacted
S. each with weak acids. Dissolution of TpRu(CO)(RPh
Rece.ntly, Bergman et al. have reported that the parentyHph) (1), TpRu(PMe),(NHPh) 6), or ToRY P(OMe} »-
amido ligand oftrans(DMPE)Ru(H)(NH;) (DMPE=1,2- (NHPh) (7) in CD,Cl, with 1 equiv of methanol (K, = 16
bis(dimethylphosphinoethane)) is highly bai€,and we iy water) results in no observable reaction after 24 h. The
have reported similar observations for a series of TpRu(L)- 14 NMR spectrum of a combination of TpRu(PMENHPh)
(L')(NHz) complexes®> Given the involvement of late  (g) with malononitrile in CDCI, reveals an immediate
transition metal amido complexes in catalytic reactions, the reaction at room temperature. For example, the resonance
impact of a filled dz-manifold on the reactivity of the amido  §e to the amido proton & and the methylene protons of
ligands is of interest. The synthesis of the amine complexesNECCHZCEN are not observed, and all other resonances
[TPRuU(PMe)x(NHPh)][OTf] (4) and [TpRYP(OMe}} .- are shifted relative to starting materials. In addition, broad
(NHPh)][OTT] (5) in the presence of excess aniline indicates resonances are observed at approximately 2.6 and 5.4 ppm.
that the free amine is not basic enough to deprotonate theaqgition of a second equivalent of malononitrile shifts the
metal-bound amine (eq 3). broad resonance at 2.6 ppm to 3.4 ppm. These results are

Ph o H consistent with theapid equilibrium shown in eq 4, in which

/ -
ph HpToTr @ N the broad resonances at 2.6 and 5.4 ppm are due to a four
e N N ﬁxllm,L site rapid proton exchange between the amido protos of
%\é L E - the amine protons of [TpRu(PMe(NH:Ph)I", the methylene
(Sl |u‘L L/N\é} ’ protons of malononitrile, and the CH proton of the conjugate
T\{l oAl H base of malononitrile (ion paired with the cationic amine
BTQ complex)
H + [NH5Ph][OT1] piex).
Amido complexes are not observed Ph u ph. H - 1@NCCHCNG
in the presence of aniline S \i\i/ =5 \I\IT/H
5/9.1;\ 11( _PMe; NCCH,CN %é _PMe;
. . . s —_— u~ “
This is in contrast to the octahedral and tlingsten éﬁ’/\ " PMe; @'/| T~ PMes )

complexes [Tp*W(CO)(PhgH)(NH2Ph)]" and [Tp*W(CO}- N\]\g/Né? }{]‘3/N\§7
(NHzPh)]* (Tp* = hydridotris(3,5-dimethylpyrazolyl)borate) H H

that are deprotonated to form amido complexes in the

presence of excess anilif&® The K, of PhNHst is At —90 °C the resonance at 2.6 ppm decoalesces, and new
resonances (broad) are observed at 3.8 and 1.6 ppm. The

(29) Powell, K. R.; Peez, P. J.; Luan, L.; Feng, S. G.; White, P. S;;  resonances at 3.8 and 1.6 ppm are assigned to theafdH
Brookhart, M.; Templeton, J. LOrganometallics1994 13, 1851-

1864 CH protons of malononitrile and its conjugate base. Similar
(30) Gunnoe, T. B.; White, P. S.; Templeton, JJLAm. Chem. Sod996
118 6916-6923. (31) Isaacs, N. SPhysical Organic ChemistryWiley: New York, 1987.
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results are observed with TpRu(CO)(BF¥NHPh) (1) and
TpRU P(OMe)}(NHPh) (7). For example, théH NMR
spectrum of compleX with malononitrile —90 °C shows
broad resonances between 4.5 and 4.8 ppm (consistent with
amido and amine proton chemical shifts), a broad resonance
at approximately 3.8 ppm (malononitrile), and a broad
resonance at 1.3 ppm (CH of malononitrile conjugate base).
These four resonances coalesce at room temperature. The
IH NMR spectrum of a 1/1 mixture of TpR&(OMe)} -
(NHPh) (7) and malononitrile shows resonances consistent
with a single TpRu complex (presumably the amine and
amido complex in rapid equilibrium) and a broad resonance
at approximately 2.4 ppm. The resonance at 2.4 ppm is

assigned as the time average between the @idup of
malononitrile and the CH group of the malononitrile

conjugate base. Addition of a second equivalent of malono-

nitrile results in a shift of the resonance at 2.4 ppm to
approximately 3.4 ppm.

To confirm that the amido complexe§ and 7 are
deprotonating malononitrile, UVvis spectra of THF solu-
tions of the amido complexes with malononitrile were
acquired. The use of UVvis spectroscopy to confirm an
acid—base equilibrium of TpRu(CO)(PBKNHPHh) (1) and
malononitrile was complicated by broad and overlapping
absorptions for the amido complé&and the conjugate acid
amine complex. The amido complex TpRu(P)MENHPh)

(6) exhibitsAmax = 293 nm in its U\V~vis spectrum, and the
amine complex [TpRu(PMg(NH,Ph)][OTf] absorbs atmax

= 267 nm. Neither malononitrile nor its lithiated anion
absorb atA > 220 nm. The UW-vis spectrum of a
combination of compleX with 1 equiv of malononitrile
shows an absorption atma.x ~ 267 nm caused by the
formation of the cationic amine (via deprotonation of
malononitrile) with a red-shifted shoulder due to the amido
complex6 (Amax = 293 nm). The combination of amido
complex7 with malononitrile exhibits similar results, and
variation of malononitrile concentrations results in the
observation of isosbestic points.

Due to ther-conflict, it was anticipated that the electronic
contribution to the RtNamigo bond rotation would be
mitigated compared with systems in which the amido can
efficiently 7-donate into an empty metadebrbital. In accord
with this, the Ru-Namigo rotational barrier for TpRu(CO)-
(PPh)(NHPh) @) was previously determined to be 12 kcal/
mol (at —60 °C),>” and oxidation to Ru(lV) increases the
barrier to rotatiorf? For complexi, no evidence of restricted
rotation around the Nids—Cpnenyibond is observed down to
—100 °C. In contrast, variable-temperatutel NMR for
TpRu(PMg)(NHPh) 6) down to —100 °C reveals no
evidence for restricted rotation of the RNamiqo boNnd. For
example, no detectable changes are noted for the Hy, N
PMe;, or the amido phenyl para proton resonances. At

60 °C 20°C
0°C LL 30°C A/
A AN
-45 °C
L
T T T
1 ]

Figure 4. Variable-temperaturtH NMR spectra of TpRu(PMg(NHPh)
(6) in the region from approximately 5.5 to 7.0 ppm in &IN,.

temperatures the ortho and meta resonances broaden and
eventually decoalesce (Figure 4). These observations are
consistent with hindered rotation around the amido nitrogen
and ipso carbon of the phenyl ring, and the barrier &C0

has been calculated to be 12.8 kcal/mol. The NMR
spectrum of TpR{P(OMe}}(NHPh) (7) at 50°C reveals
single resonances for the phenyl ortho and meta protons. At
temperatures between 40 ant45 °C these resonances
broaden, decoalesce, and sharpen. In this temperature range
there are no observed changes in the appearance of the Tp,
NH, P(OMe}, or phenyl para resonances. However;-&0

°C the ortho and meta phenyl resonances begin to broaden
again, and broadening of the resonances for the Tp, P(©Me)
and phenyl para protons is also observed. The fluxional
process at higher temperatures has been assigned as restricted
rotation around the Bhigs—Cpneny bONd. Using the coales-
cence temperature-Q0 °C) for the ortho resonances, a lower
limit for the N—C rotational barrier was calculated to be
9.8 kcal/mol. Even though only a lower limit can be reported,
no changes in the chemical shifts for the ortho resonances
occur between-40 and—50 °C (at which temperature line
broadening due to the second process begins). Therefore,
the calculated lower limit for the rotational barrier is most
likely close in value to the actual barrier. In accord with the
observations for TpRu(CO)(PRINHPh) (1), the second
fluxional process has been assigned as hindered rotation
about the RaN bond; however, at—80 °C the slow
exchange region has not been established, and a barrier to
rotation cannot be determined. Using Faller's guide for
estimating free energies of activation according to the

elevated temperatures, single resonances are observed fdemperature at which line broadening begins, the-Rubond
the ortho and meta protons of the amido phenyl. At reduced rotational barrier compleX is likely to be <9.5 kcal/mols3

(32) Jayaprakash, K. N.; Gillespie, A. M.; Gunnoe, T. B.; White, D. P.
Chem. Commurk002 4, 372-373.

(33) Faller, J. W. InEncyclopedia of Inorganic ChemistriKing, R. B.,
Ed.; Wiley: Chichester, U.K., 1994; Vol. 7, pp 3913933.
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Chart 1. Variation of Bond Distances and Angles for Complesded, Scheme 2. Resonance Structures Resulting igmNo— Cipso Multiple
5, and7 ({N} = NH; for Complexes4 and5 and NH for Complexed Bond Character for the Ru(ll) Amido Complexes TpRu(L)(NHPh)
and7) S
42211(3) A /@ -
52.1822(19) A @
H_.. H
72.1012(15) A N R
12.076(3) A @ T . q T
} Sy - ) SN
41.444(5) A R ~— LRI,
5 1.451(3)A & | L e | L

Ru— N} 71365Q2) A N\\

N N
N N
4123.602)° k, 11372(14) A H‘B/ Q H'B/@
5120.78(14) °
713530(13)

1130.7(2) ° between Ru(ll)-NHPh cations and NPh" is due to
) . m-effects of the Ru(ll) amido systems or to differences in
Discussion bond polarization is difficult to discern. The electronegativity
We have previously discussed an inverse correlation differences between a hydrogen atom and a ruthenium atom

between Re-Namido aNd Nimids—Cpheny bONd distances fora — are significant; however, the results with TpOs(NHPR)CI
series of three Ru(ll) phenyl amido complexes, and the trendsuggest thatr-effects may play a role in substantially
was suggested to reflect the extent of electron density at theincreasingthe acidity of metal-bound amine ligands by
d metal cente?” That is, as the electron density at the metal Stabilizing the resulting amido ligands viadonation.

center is increased the delocalization of the amido lone pair The small barrier to rotation about the RMamis bond

into the phenylz* system is increased (resulting in shorter (12 kcal/mol) of TpRu(CO)(PR)(NHPh) has been attributed
Namido—Cphenyi DONd distances). The RtNamido and Namido— to the lack ofz-interaction between the amido ligand and
Cpnenyi bONd distances of the amido complexgand 1 are metal center, and it has been suggested that the sterically
consistent with previous observations, although the differencebulky Tp and PPiligands contribute significantly to the 12

i Namigs—Cphenyl bond distances betweehand 1 is not ~ kcal/mol barrier” Interestingly, the TpRu(PMi(NHPh) ()
dramatically pronounced. As shown in Chart 1, there is a complex shows no evidence of restricted rotation around the

substantial difference in RtN and Nimido—Cphenyi bond Ru—Namido bond down to—100°C. This result could be due

distances upon deprotonation of the amine complex to yield to either a small barrier to RtNamiqo bond rotation or the
the amido complex TpRWP(OMe)} (NHPh) (7). The amine thermodynamic preference for a single isomer. For complex
complex [TpOs(NHPh)CH[OTf] has a K, of approximately 6, restricted rotation about the aMdo—Cpreny bond is

3 in acetonitrile which corresponds to an acidity that is observed, and the restricted=C bond rotation can be
approximately 8 orders of magnitude greater than that of attributed to the delocalization of the amido lone pair into
NHsPh* in acetonitrile3* Ruthenium(lll) hexaammine has the phenyb* system (Scheme 2). Structural data of TpRu-
been reported to have &pof approximately 13.1 imqueous ~ {P(OMe}}2(NHPh) (7) and the corresponding amine com-
solution®® The [K's of the amine complexes [TpRu(L)(k plex [TpRY P(OMe}}o(NH-Ph)][OTf] (5) support the con-
(NH2Ph)]* are similar to that of malononitrile in methylene  tribution of the resonance structure withH character. The
chloride. The . of malononitrile in THF has been reported  Namias—Cphenyibond distance is shorter by 0.086(4) A for

to be 12.0%¢ however, this value has recently been brought than for comple. In addition, the C16-C15 bond distance
into questior?” In comparison with Mayer's TpOs(NHPh)-  of complex7 is longer than that of complex by 0.035(5)

Cl, complex (K.~ 3 for the corresponding amine), the filled A. The chemical shifts of the phenyl amido resonances also
dsr-orbitals of the Ru(”) amido Comp|exes reported herein indicate that the amido electron density is being delocalized
increase amido basicity by several orders of magnitude (theinto thez*-system. For example, the resonances due to the
identity of the metal center and ancillary ligands may also Para proton and one of the ortho protons of TpRu(Bbe
have an impact). In addition, the presence of an amido phenyl(NHPh) €) are upfield of 6.0 ppm. In contrast, the resonances
substituent decreases the basicity by several orders offor the phenyl ring of [TpRu(PMg(NH.Ph)][OTf] are
magnitude relative to the corresponding parent amido downfield of 6.0 ppm. Halide-substituted phenyl amido
complexe$S The fact that the Ru(ll) amine complexes are Systems of Pt(Il) have been reported to haveQ\rotational

not deprotonated by aniline suggests that coordination to thebarriers of 10.213.5 kcal/mol, and Hillhouse et al. have
Ru(ll) metal increases the amine acidity to a lesser extentreported a N-C bond rotational barrier of 11.7 kcal/mol for
relative to the “binding” of the amine by a proton. That is, (PPY)NI(EY)N(tolyl)(Et).****Similarly, the phosphite complex
the amido ligands of the TpRu(L)(J{NHPh) complexes are ~ TPRUP(OMe}}(NHPh) (7) exhibits a barrier to rotation

more basic than aniline. Whether the difference in acidity about the Mmias—Cpnenyibond of approximately 9.8 kcal/mol
(lower limit), and although the slow exchange region cannot

(34) Soper, J. D,; Bennett, B. K.; Lovell, S.; Mayer, J. Morg. Chem. be accessed, evidence of restricted-Rubond rotation is
(35) %,ngség}&%g?_,\llasfo?’ﬁ’ Q@norg. Chem1979 18, 9-13. observed at lower temperatures. Since the slow exchange
(36) Antipin, I. S.; Gareyev, R. F.; Vedernikov, A. N.; Konovalov, AJl.
Phys. Org. Cheml1994 7, 181-191. (38) Albéniz, A. C.; Calle, V.; Espinet, P.; Goez, S.norg. Chem2001,
(37) Abdur-Rashid, K.; Fong, T. P.; Greaves, B.; Gusev, D. G.; Hinman, 40, 4211-4216.
J. G,; Landau, S. E.; Lough, A. J.; Morris, R.1.Am. Chem. Soc. (39) Matsunaga, P. T.; Hess, C. R.; Hillhouse, GJLAm. Chem. Soc.
200Q 122 9155-9171. 1994 116, 3665-3666.
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Scheme 3. Relative Barriers to Bond Rotation for a Series of Ru(ll) Amido Complexes
Not

observed 98 keal/mol 12.8 kealimol
7 (-20°C) \ ©0°C)
h \
H\ = H\ aa H\ . Not
A 12 kca:/mol @ N = 9.5 keal/mol @ N __— observed
N—N | C) N—N. N—N
. PPhy ) -POMe); s PMes
uz u= u=
,@/ ‘ ~~co .@/ | \P(OMe)3 |@/ ‘ T~ PMe;

3 3 N
/Q /Q i (®)

region has not been accessed for this process, we are noé and 7 is due primarily to differences in the steric
able to definitively assign it as RtN restricted rotation. contributions of the L and'lligands, and that-interactions
However, in analogy to complet and related systems, play a minor role in the barrier to RtNamigo bond rotation.

hindered Ru-N rotation is the most feasible explanatii’ In contrast, the electronic nature of the metal center seem-
These results highlight an apparent trend for the activation ingly plays an important role in the NC bond rotational
barriers to bond rotation about the thregi—Conenyibonds. barrier.

That is, the most electron-donating ligand set (i.e., complex

6) exhibits the greatest barrier to rotation (12.8 kcal/mol); Summary

the rotational barrier for complexkis intermediate, and that The basicity of a series of octahedral arfigolenyl amido

of complex1 is smallest § > 7 > 1). The observed trend  complexes with variable ligand sets has been studied, and
suggests that increasedconflict mayinfluence the extent  the K,'s of the conjugate acid aniline complexes have been

of delocalization of the amido lone pair into the phenti estimated to be similar to that of malononitrile. The low
system. In contrast, the expected trend due to steric factorsacidity of the cationic aniline systems is attributed to the
would give a decreasing barrier to rotation in the ortler filled dz-manifold of the metal center. In addition, the impact
6 > 7. In addition, we note that the RN rotational barrier of the filled dr-orbitals is observed in the variation of Ru

is apparentlygreater for complex. than for complexe$ Namido @nd Nimias— Cphenyi DONd rotational barriers as well as

and7 (Scheme 3). This is consistent with the possibility of solid-state geometric features.
a three-center orbital interaction between the amido ligand,
Ru, and CO leading to some multiple bonding between the
amido ligand and metal center. In such a scenario, the
decreased RuN bond rotational barriers for complexés
and7 would be attributed to a combination of increased metal
electron density (i.e., a more-donating ligand set) and nearly
degenerate orthogonal metalz-@rbitals. However, the
presence of the bulky PRligand also suggests that steric Supporting Information Available: Complete tables of crystal
factors may make a significant contribution to the rotational data, collection and refinement data, atomic coordinates, bond
barrier. As previously reported, the solid-state structurk of distances and angles, and anisotropic displacement coefficients for
provides little evidence for a three-center interaction. There- 4,5, and7. This material is available free of charge via the Internet
fore, the tentative conclusion is that the increasee-Ru 2t http://pubs.acs.org.

rotational barrier for complet compared with complexes  1C020163J
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