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We report observations on the reactivity of the dinuclear bridged mpetatal-bonded carbonyl [RKCO)(u-
CpPPh)],2" (22%) and of the bis(solvate) cations [Rlsolv)(-CpPPh)],2™ (327) with nitriles, amines and pyridine

and in general with nitrosyl cation and nitrite anion. By reaction of nitriles and pyridine 2gittwe obtained
monosubstituted [RKCO)L(u-CpPPh),]?" (427) and disubstituted [Rh(L}CpPPh)]*" (527) (L = MeCN, PhCN,
pyridine). These complexe§4") were also obtained directly froB?". In the reactions witl2?+ the difference

in reactivity of the two rhodium(ll) sites suggests a specific role of the metaltal bond. With secondary and
primary amines, reductions &* to [Rh(CO)u-CpPPh)]. (1) were also observed, and the selectivity with
respect to substitution or reduction was strongly solvent dependent. Lithium diisopropylamide induces quantitatively
the reduction of22* to 1 and apparently the substitution of the solvenBa#". Finally, the new compounds
[Rh(THF)(u-CpPh)]22" (3a2), [Rh!(u-HaNCsH4N)(u-CpPh)2]2™ (627) and [RH (NO,)(u-CpPh)]2 (727) were
obtained from22* and PhIO, from32" and aminopyridine, and fror#2* and nitrite anion, respectively. The
compounds were characterized by elemental analysis and the usual spectroscopic methods including COSY NMR
experiments. Reaction of NOBRwith 1 led efficiently to the compoun@?* again through a redox process,
instead of a substitution.

Introduction n°-bound Cp still has the potential to undergo ring slippage to
bind in any® manner and this may allow greater reactivity than
the usual diphosphine ligands such as dppm and dppe. These
CpPR~ ligands can also bind through either the cyclopentadi-
gnyl moiety (a six-electron donor) or through the phosphine
atom (a two-electron donor) to form mononuclear complékes.

In our laboratory we have utilized CpRRto bridge two &
metal centers. The reactions of the bimetallic complex [Rh-
(CO)(u-CpPPh)]2 [1] with the electrophiles MeX (X =1~ or
CRS®;7) have been studietd. The electrochemistry of and
its oxidized form, [Rh(CO)(CpPRJi» 2t (22*), has revealed a
fast conformational change involving two monocationic
intermediate€® The study of the reactivity oP?* toward
various reagents has been undertaken and the first &sults
reveal that it has a richer chemistry than its rhodium(l)
counterpart.

Our interest in rhodium and iridium derivatives of the CpPR
ligands, also arises from their relationship to the mononuclear

The chemistry of rhodium(l) and rhodium(lll) compounds
has been extensively studiébut the chemistry of rhodium(ll)
has progressed less rapidly. In fact, rhodium(ll) monomers are
rather unstable, and hence 17-electron rhodium species produce
electrochemically will couple, forming a metainetal bonc?
However, paramagnetic rhodium(ll) monomers have been
prepared using bulky phosphine ligands, as in R{RIy),.2
Dimeric rhodium(ll) species are more common as they allow
the formation of a metatmetal bond to stabilize the two 17-
electron rhodium(ll) centers.A recent example, (Cp*RhGl)
illustrates the high reactivity of this dimer which coordinates
dioxygen®

Cyclopentadienyl-substituted phosphitexfer interesting
possibilities for tailoring coordination spheres, using both their
cyclopentadienyl and phosphine functions. In particular, re-
agents such as TICpRRnd LiCpPR (where R may be methyl,
phenyl, or tolyl and Cp is §Hs, CsMey, ..., etc) have been used
as sources of the corresponding CpPRPart of the popularity
of these as ligands is due to the fact that, acting as 8-electron ™

(a) Lin, M.; Fallis, K. A.; Anderson, G. K.Organometallics1994
13, 830 and references therein. (b) Anderson, G. K.; Lin, M.; Rath,

donors, they can bridge two metalic centé¥sMoreover the N. P. Organometallics199 9, 288. (c) Anderson, G. K.; Lin, M.
Rath, N. P.Organometallics199Q 9, 2880. (d) Raush, M. D.; Spink,
® Abstract published if\dvance ACS Abstract$ebruary 1, 1996. W. C.; Atwood, J. L.; Baskar, A. J.; Bott, S. @rganometallics1989

(1) Wilkinson, G., Stone, F. G. A., Abel, E. W., EdSomprehensie 8, 2627. (e) Bullock, R. M.; Casey, C. Rcc. Chem. Red4.987, 20,
Organometallic ChemistryPergamon Press: Oxford, England, 1982; 167. (f) Casey, C. P.; Bullock, R. M.; Nief, B. Am. Chem. Soc.
Vol. 5, Chapter 35. 1983 105 7574.

(2) (a) Fonseca, E.; Geiger, W. E.; Bitterwolf, T. E.; Rheingold, A. L. (8) (a) Brumas, B.; de Caro, D.; Dahan F.; de Montauzon, D.; Poilblanc,
Organometallic1988 7, 567. (b) Freeman, M. J.; Orpen, A. G,; R. Organometallics1993 12, 1503. (b) Tommasino, J. B.; de
Connelly, N. C.; Manner, |.; Raven, S.J.Chem. Soc. Dalton Trans. Montauzon, D.; He, X.; Maisonnat, A.; Poilblanc, R.; Verpeaux, J.
1985 2283. (c) Connelly, N. G.; Lucy, A. R.; Payne, J. D.; Galas, A. N.; Amatore, C.Organometallics1992 11, 4150. (c) He, X. D;
M. R.; Geiger, W. EJ. Chem. Soc. Dalton Tran&983 1879. Maisonnat, A.; Dahan, F.; Poilblanc,Rrganometallics1991, 10,

(3) (a) Van Gaal, H. L. M.; Verlaak, J. M. J.; Posno, lfiorg. Chim. 2443. (d) He, X. D.; Maisonnat, A.; Dahan, F.; Poilbladc,Chem.
Acta. 1977, 23,43. (b) Moers, F. G.; Goossens, J. W. M.; Langhout, Soc., Chem. Commub99Q 670. (e) He, X. D.; Maisonnat, A.; Dahan,
J. P. M.J. Inorg. Nucl. Chem1973 35, 1915. F.; Poilblanc, RNew J. Cheml199Q 14, 313. (f) He, X. D.; Maisonnat,

(4) For areview see: Felthouse, T. Mog. Inorg. Chem1982 29, 73. A.; Dahan, F.; Poilblanc, ROrganometallics1989 8, 2618. (g) He,

(5) Sharp, P. R.; Hoard, D. W.; Barnes, C.1.Am. Chem. Sod.99Q X. D.; Maisonnat, A.; Dahan, F.; Poilblanc, Rrganometallics1987,
112 2024. 6, 678.

(6) (a) Mathey, F.; Lampin, J. Hetrahedror 975 31, 2685. (b) Charrier, (9) Rausch, M. D.; Spink, W. C.; Atwood, J. L.; Baskar, A. I.; Bott, S.
C.; Mathey, F.J. Organomet. Chenml979 170, C41. G. Organometallics1989 8, 2627.

0020-1669/96/1335-1266$12.00/0 © 1996 American Chemical Society
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Table 1. 3P NMR Data for the Compounds Studied

Inorganic Chemistry, Vol. 35, No. 5, 19964267

X Y solvent O(P) L(PRK) 2J(PRI) o(F°) J(PPRHP) 2J(PPRHA) 2J(PP0)
[RH(CO)u-CpPPh)] [1] co co CDC} 405 199
[Rh(CO)u-CpPPh)] 2+ [22] co co (CD),CO 437 1257
[Rh(solv){-CpPh)],2* [382] THF  THF (CDy),CO 50.1 156.9
[Rhz(CO)(MeCN){i-CpPPh](CR:SQs), CO MeCN CRCN 415 1375 6.9 38 139.0 6.5 35
[44][CFsSOy
[ha(cox%hcﬁ)g-CpPPa]2(05303)2 co PhCN CRCN 413 136.9 6.9 376 1379 6.4 3.6
[4b][CFsSOy]2
[Rho(CO)(py)u-CpPPh);|(BF2)2 co py (CD).CO 39.1 1408 7.3 31.8 1353 8.8 2.9
[4c][BF]
[ha(CO)(EZhNH)(u-c:pppa)g](casos) co PhNH  CDOD 374 140.4 6.9 326 1368 5.9 34
[4€][CF3SQy]»
[Rho(CO[(i-PrNH](1-CpPPh);](PFs),  CO (-PrhNH CD:;OD 521 155.0 5.5 456  146.3 5.0 45
[41][PFe]2
[Rh(MeCN){-CpPPh)]2(CF:S0s)2 MeCN MeCN CRCN 432 1408
[58|[CFsSOy,
[Rh(PhCN)g-CpPPh),]o(CF:S0s), PhCN PhCN CRCN 432 139.9
[5b][CFsSOy]2
[Rh(py)(u-CpPPh)](CFSOy), py py CDCN 382 1457
[5C[CF3SQy]2
[Rho(HoNCsH4N)(u-CpPPh),] (PFs)2 H.N  CsH:aN  CDCls 49.7 172.6 517 528 169.2 5.45 8.70
[6][PFe]2
[Rh(NO,)(u-CpPPh)], [7] NO,;~ NO, (CD3),CO 53.7 163.9

aThis value represents the absolute value'dfFFR?) + 2J(PPRH)].

18-electron CpRKCO)L complexed. The oxidative addition

both carbonyls, but it was more convenient to use a decarbo-

reactions of the latter with saturated hydrocarbons are speciallynylation reagent to replace the carbonyls by labile ligands such

interesting and have been extensively studfédl. The bis-
(solvates) [Rh(solv){-CpPPh)],2" (3?*) could be useful inter-

as acetonitrile. Thus trimethylamine oxide (TMNO) in dichlo-
romethane solution gave the solvated species [Rh(solv)(Cp-

mediates in related reactions, by taking advantage of the adjacenPPh}],2" which readily reacts with acetonitrile to give the
positions of the two accessibles sites. Moreover the structurescomplex [Rh(MeCN)(CpPPhy".

of the metat-metal bonded complexes [RiLL ' («-CpPPh);]™*
(LL" = pyr,, n=2; L =CO, L' = C(O)Me,n=1;L =1, L’
= Me, n = 0)8c already studied, appears to be characterized by
a cisoid relation of the terminal ligand sites, which could
promote cooperative reactions.

To our knowledge, examples of oxidative addition to a group
8 metal center by NH activatiodlci are raré! while the
synthesis and the reactivity of amide hydride iridium(lll)
complexes Cp*l")PPR(NHR)H, were circumstantially stud-
ied_lOC,d

In this paper, we report our observations on reactiorZ of
or 32" with nitriles, amines, and pyridine. We also include
results concerning the reactions of nitrogen ligands with higher
oxidation levels, the nitrosyl cation, and the nitrite anion.

Results and Discussion

Previous studies performed in this laboratory revealed that
2%+ could be readily converted into other complexes by the
replacement of the carbonyl by various ligands (py, P(QMe)
...)& Reaction of22" with pyridine allows the substitution of
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Chem.Soc1986 108 1537. (c) Glueck, D. S.; Newman Winslow, L.
J.; Bergman, R. GOrganometallics1991, 10, 1462. (d) Glueck, D.
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Previous work was mostly carried out usingsPlr BF,~
salts of22t and32*. However, the triflate anion GBO;~ is
reputed to give better yield and cleaner reactinand this
was now used to continue these studies.

The use of TMNO as decarbonylation agent introduced some
uncertainties concerning the nature of the coordinated solvent
in [Rh(solv)(CpPPH]2?"[A"]o. Not only the solvent used
acetonitrile, dichloromethane, THfbut also trimethylamine or
even water (when the dehydration of TMN@H,O is neither
optimized nor accurately controlled) are able to occupy the
vacant sites irB?". In order to achieve better control of the
nature of the coordinated solvent, we have used iodosylbenzene
PhIO in THF as decarbonylation reagent. Starting frdth [
(PRs)2, the salt [Rh(THF)-CpPPRh)]x(PFs). [3a][PFe]l. was
obtained as a green precipitate fully characterized by elemental
analysis and byH and3'P NMR spectroscopies in deuteroac-
etone. Peaks were observeddat.13 (m, 4H) and 6.67 (m,
4H) for the cyclopentadienyl protons, &t1.92 (m, 8H) and
3.76 (m, 8H) for the THF protons and at50.6 J(Rh—P) =
156.9 Hz) for the two equivalent phosphorus atoms. The THF
molecules remained bound even aft@s][PFg], was kept under
reduced pressure for long periods (10 h). THE NMR
spectrum of3? is of AA'XX' type spectrum due to the coupling
between the two phosphorus and the two rhodium atoms (see
Figure 4a in the Supporting Information).

Table 1 reports the NMR data of all new compounds. In
several cases the signals due to the protons of the cyclopenta-
dienyl appear as two broad peaks. This has already been
interpreted as the result of an intramolecular wagging of the
molecule around a mean plafie.

Substitution Reactions in [RhL(u-CpPPhy)]22" [A7]2 (L
= CO or Solvent; A~ = BF4~, PFs—, CF3SO37) with Nitriles
and Pyridine. The reactivity of the various salt@][PFg],,
[2l[BF4]2, [2][CFsSGs)2, and Bal[PFe]. is not affected by
changing the anion. We will therefore refer to the starting



1268 Inorganic Chemistry, Vol. 35, No. 5, 1996
l’l’h,
m Rh‘ PhCN
NCPh -
Ph,!—@ e
PhCN
v1°C PhCN (4b2*]
2+
@—PPI:; MeCN @—PPI:; MeCN
er-—Rh 82°C
o({v Nco| /—— 0 NCMe %&
Py 2+
(2% r.t. (471
RIr—R
o V py
n.,

[4c*)

Figure 1. Pathways toward mono- and disubstituted products (the various compounds present are assumed to have structures similar to that of

[5¢21], previously determined by X-ray diffractié$.

materials by the cationic moiety [Rh(CO)(CpRRE" (221) or
[Rh(solv)(CpPPR)]2+ (321).
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and in the methyl migration observed drfe this electron
transfer could involve the heterolytic breaking (or at least the

Figure 1 shows the reaction pathways discussed in the presenPolarization) of the metaimetal bond changing the two 18-

paragraph. The replacement of both CO group<4h by

electron rhodium(ll) centers to a 16-electron rhodium(lll)

acetonitrile requires a decarbonylating reagent such as TMNO center-a target for the nUC|90ph|||$ attacland a 18-electron
or PhIO, but these are not necessary for the substitution of arhodium(l) center (Figure 2a). M this cannot occur, while
single CO. There is no observable reaction at ambient tem- in the hypothesis of a CO substitution MeCN now present at

perature whe®2" is stirred in acetonitrile for 12 h, but after 4
h in refluxing acetonitrile 22+ is quantitatively converted to
[Rh(CO)(MeCN)(CpPP§),]2" (4227). The3P NMR spectrum
of the complex4a?* is a distinctive AXBY type (Figure 4c in
the Supporting Information). Structure shows the NMR
labeling scheme generally used.

g

p=Ph 2+

=

Rha— b
——Rh

PBL@

X

The spectrum of4a"] appears as two doublets of doublets

the site likely to become a 18-electron rhodium(l) center is much
less polarizable than CO. Figure 2 compares the proposed
pathway (a) with another possible one (b) involving t¥eto-
n® slippage of the cyclopentadienyl moiety of one of the bridging
ligands. This second hypothesis does not offer a straighforward
rationaliation of the difference of reactivity between the first
and the second steps of substitution. Process a, implying an
electronic flow along the metaimetal axis, has some analogy
with the classicatrans effect occuring in mononuclear com-
plexes.

The dicarbonyl dicationg][CF3;SOs],was heated undeeflux
in PhCN in an effort to synthesize the benzonitrile analogs to
422" and 522", This higher-temperature procedure gave pri-
marily, shown by?’P NMR spectroscopy, a mixture 2#+, [Rhy-
(PhCN)(CO)-CpPPh);]%" (4b?1), and [Rh(PhCN)u-CpP-
Phy)].2" (5b2%). However, reflux during 12 h yieldedbb]-
[CF3SQ;y); as an isolable solid. Compledl][CF3;SO;), could

of doublets. In one signal the large coupling constant is assignednot be purified from refluxing benzonitrile as it has a solub|I|ty

as1J(P?RM), and the two smaller ones are dued(PRh?) and
3J(PP°). In a similar manner, the other signal readily affords
the coupling constantdJ(P°RHP), 2J(PPRh), and 3J(PaPv).
Recording thélP NMR spectrum at two different frequencies
removed any ambiguity in the assignment of the coupling
constants. The IR spectrum reveals an absorption at 2061 cm

similar to those of bothZ][CF3;S0s], and Bb][CF3SO;)..
however, one stirsg][CF3SOs)2 in methanol at room temper-
ature with an excess of PhCN then produltt][CF3SGOs), can

be isolated as a pure solid. Continued stirring 4i][CF3-
SG;]; in refluxing PhCN will also replace the second carbonyl,
but at room temperature this reaction is very slow and does not

confirming the presence of a CO. There is no evidence in the interfere with the isolation of4b][CF3SQOy.

3P NMR spectra of any starting material or of the bis-
(acetonitrile) product [REMeCN)(u-CpPPh)7]2+ (5a2*).8d

It has already been shown that pyridine will readily replace
the carbonyls irp2+.8d However the reaction " in pyridine

The observed clear-cut separation between the two steps ofat ambient temperature can be stopped after 45 min to give the

substitution of2?* implies a difference of reactivity of the two
rhodium(ll) sites.

monosubstituted produdt?* in fair yield. Continued reaction

It suggests that the carbonyl present on onefor 5 h in pyridine leads to replacement of the second CO to

site activates the second site toward nucleophilic attack andgive the producbc®". Both products are characterized B

thereafter to substitution, through a partial electron transfer. As
previously described for the redox processes betviesrd 22+
and for the mechanisms involved in the oxidative addition

NMR, H NMR, and IR spectroscopy, in addition to CHN
analyses. Starting witha?™, the replacement of the acetonitrile
by the pyridine is complete in 15 min.
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Figure 2. Two possible mechanisms of substitution at the 18-electron metal center exposed to a nucleophilic reactant: (a) via mixed-valence

intermediate and (b) vig3-cyclopentadienyl intermediate.

The reaction of aniline leads to the formation of a monosub-

Ph
stituted compound [RKCO)(PhNH,)(u-CpPPh);] (4€2*), but ] AP
this was not studied further. Secondary and primary oc\o\

Reactions of the Dicationic Compounds [Rh(COM- lithium diisopropylamine Rh? RhY,
CpPPM)]25[A 12 [2][A] 2 (A~ = PFs~, BF4~, CFsS05) with / \ co
the Secondary Amines. The reaction of22* with diisopro- Ph /’%—Q
pylamine on varying the solvent has been studied. The selected Q—AA 2 pA”
procedure consists of using a constant amount (around 50 mg) ROl A P
of [2][A] 2 dissolved in 5 mL of degassed and anhydrous solvent, |oc™” \ 007 &)
to which were added different quantities of the amine. The pQ/Q Ph
reactions were monitored by infrared and NMR spectroscopies ph/ o O_éL 2+
and stopped after 12 h of stirring at room temperature. tertiary amim,&\ f /" Ph

Using tetrahydrofuranas solvent, with a ratio Rh:amire L= { pyridine, OC/K‘ -

1:2, the initial orange suspension turned to a dark-brown nitriles - &

solution. After 12 h the reaction mixture contained the reduced Ph/ Pn

E;r?na?:rg?ilz;?ld?ijg Iﬂm&%g:&‘:g%%?it;r“ products, as shown Figure 3. Redox and substitution processes during the reacti@aof
with various nitrogen-containing ligands.

In methano] with ratios Rh:amine between 1:1 and 1:4, the
reaction afforded a violet solution from which precipitated a  Finally in acetone and dichloromethanne reaction op2™
small amount of a yellow powder which was identified as with the amine was rapid and afforded preponderantly the
complex1 (vco = 1950 cntt in THF; NMR (CDCk) 6(*H) reduced product. In addition, small quantities of nonidentified
5.67 (m, 2H), 5.56 (m, 2H))(3'P) 40.5 (t : J(P—Rh) = 199 products (resonances a'P) 69.3,J(P—Rh) = 142 Hz, and
Hz)). The infrared spectrum of the solution shows a CO 06(%'P) 54.7,J(P—Rh) = 174 Hz) were observed.
stretching vibration at 2036 cm, indicative of a derivative in From the above results it appears that in all the solvents tested
which the oxidation state of the rhodium center is greater than there is a competition between the reductior2®f to 1 and
one. This product was isolated and fully characterized by the substitution of one of its CO groups by the amine (Figure
elemental analysis aritH and31P NMR spectroscopies as the 3). The selectivity with respect to substitution or reduction is

monosubstituted derivative [RICO)(HNP,)(u-CpPPh)]%" strongly solvent-dependent. Similar observations were made
(42%). The3'P NMR spectrum of this isolated compoudd®+, from the reactions 022+ with aniline and amidopyridine.
contains two doublets of doublets of doublei¢R) 52.1;J(P— Because of these results, we considered the hypothesis that

Rh) = 155 Hz, and}(P) 45.6,J(P—Rh) = 146.3 Hz) implying the reduction 0P?* by the secondary and primary amines might
that the two rhodium atoms possess different environments and,involve their acid-base equilibrium of dissociation. Therefore,
from the value of the coupling constants, that they have the we also investigated the reaction of lithium diisopropylamide
oxidation number 1. The anion RF is easily identified in (LDA) with this compound. As expected, the reaction in THF
infrared spectroscopy by its-HF stretching frequency at 840 under similar conditions to those above, afforded mainly the
cm1and in31P NMR spectroscopy by the presence of a septet reduction productl, as shown by infrared and NMR spec-
(6(P) —147.5,J(P—F) = 708 Hz). troscopies.

In tolueng no reaction was observed, even after 18 h stirring  In order to characterize the reduction process, we tried to
at room temperature, but when some distilled water (10 mL) reduce also the solvate species [Rh(sphGpPPR)]> [PFs ]2
was added to the toluene solution bdthand 4f2* formed. using lithium diisopropylamide.

Separation was achieved by using their different solubilities in A mixture containing 8][PFg]2 and a 2-fold excess of LDA
the ethanol. was allowed to react during 12 h stirring at room temperature.
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The products of the reaction were then separated by evaporatiorgave a dark solution in addition to 39% of the red starting

of the solvents and washed with pentane. No product of
reduction were detected. Instead, in #@ NMR spectrum a
doublet ato(®P) 40.6 §(Rh—P) = 156 Hz) was observed,

interpreted as due to the presence of a symmetrical rhodium-

material recovered. Produttwas present in the solution, as
verified by IR and NMR spectroscopies. Thus, approximately
50% of the dime2?* was converted to dimek, 1 molar equiv

of Rh! centers per molecule of 2-aminopyridine. This would

(I) species, possibly a diamido neutral species but attempts toimply that each rhodium reduced corresponded to one a

isolate this species were unsuccessful.

To sum up, it appears that the reduction of the rhodium(ll)
dinuclear complexes [RAL(u-CpPPh)]2" is effective when
L is carbonyl and is able to stabilize the rhodium(l) correspond-
ing species.

Attempting to balancing the equation of reduction2éf to
1 by LDA leads us to study the hypothesis of the primary
formation of two di-isopropylamine radicals. We have at-
tempted to identify the derivatives of such radicals by mass
spectrometry, including the substituted hydrazine which could
formed by coupling. The DCI mass spectrum of the reaction
mixture was quite complicated and gave no indication of such

2-aminopyridine being oxidized. This was confirmed by
reaction of22* with 2 molar equiv of 2-aminopyridine which
led quantitatively tal. These results further confirm the role
of the CO in influencing the capacity of rhodium(ll) species to
be reduced by the amines. Moreover, whereas pyridine affords
only the substituted produdt®™ by reaction with the carbonyl
dinuclear complex2?*, the reaction of 2-aminopyridine is
entirely switched toward the redox process, consistent with the
presence of the secondary amine function.

Miscellaneous Results on the Reactions of Cationic and
Anionic Nitrogen-Containing Ligands. The accessibility of
two adjacents coordination sites in the bis(solvate) species [Rh-

a coupling process. The formation of hexane was tentatively (solv)(CpPPh)]?", offered the opportunity to observe the

inferred from the presence of the most intense peak/aB86.
The hypothesis that this fragment could form by coupling of
isopropyl radicals suggests a further method of investigation
of the reaction.

Addition of the Bridging 2-Aminopyridine to the Adjacent
Coordination Sites of the Bis(solvate) Species 3. Further
Observations on the Reduction ProcessAs an extension of
the chemistry 022" and3?" and pyridine and RN we have
examined the reaction of the rhodium(ll) dime23" with
2-aminopyridine, which has two possible sites of ligation.

The reaction of the solvated speci$ with 2-aminopyridine
gave [Rh(u-HaN-CsHyN) (u-CpPPh),]2T (621) in good yield,

2+

[6*]

regardless of the quantity of 2-aminopyridine used (either

stoichiometric, 2-fold, or an excess). This product has been

reaction of nonreducing nitrogen-containing ligands.

Reaction of3?" with NaNO, gave [Rh(NQ)(u-CpPPh)]»
(727) which has been fully characterized by elemental analysis
and infrared andH and3P NMR spectroscopies. The doublet
of doublets in théP NMR spectrumd(3!P) 53.7;J(P—Rh) =
163.9 Hz) confirms the presence of two equivalent phosphorus
atoms. The four peaks in thigl NMR spectrum § 7.21; 06
7.06; 6 6.48; 6 2.49) suggests a rigid structure on the NMR
time scale and a strong anisotropic influence of the nitrite. The
three bands observed in the infrared spectrum at 1376, 1305,
and 820 cm! are characteristic of coordination through the
nitrogen atom.

Compound7?t was also obtained in low yield from the
reaction of NaNQ@ with 22+ in MeOH—CH,Cl,. By contrast,
reaction of22+ with other anionic ligands (C| CN-, I7) does
not occur. This seems to be due to a labilizing effect o, NO
through the two metals atoms (see above).

Finally an attempt has been made to obtain some nitrosyl
compounds (for instance the non-metaietal-bonded [Rh
(NO)(u-CpPPh)],) by reaction of nitrosyl tetrafluoroborate in
THF with 1, but instead of a substitution reaction, a redox
process was again observed.

well characterized by elemental analysis and by multinuclear [Rh(CO)(CpPP§)], + 2NO'BF,” —

1H, 3P, 13C NMR spectroscopy. ThéP NMR spectrum
contains two doublets of doublets of doublets (Figure 4b in
Supporting Information), implying that the two rhodium atoms
possess different donor-atom ligands. Tf& NMR and the

IH NMR spectra unequivocally show that there is only one
2-aminopyridine molecule per rhodium dimer bound to one
rhodium atom via the NEunit and to the other rhodium atom

by the pyridine group. The characterization was completed by

a 2-dimensionalH—H NMR COSY experiment confirmed the
assignments of the cyclopentadienyl resonances. HkeéH

spectrum clearly shows coupling between the hydrogen atoms
of the Cp rings, and one can even see which four Cp signals

[Rh(CO)(CpPPH],*(BF, ), + 2NO

This process gives access to the valuable tetrafluoroborate salt
of 22+, avoiding the use of the expensive silver tetrafluoroborate,
as previously reporte¥.

Experimental Section

All reactions were routinely carried out under argon using standard
Schlenk-tube techniques. All solvents were dried and deoxygenated
prior to use. Tetrahydrofuran (THF) and diethyl ether were dried over
sodium/benzophenone. Acetonitrile was distilled from Ga@leth-
ylene chloride from FOs, and methanol from CaH Flash chroma-

belong to the same ligand. Thus the assignment of the protonsiography used silica 236240 mesh (0.0460.063 mm) from Jansen.

to each Cp is unambiguous. The wide rangejofalues for
the Cp ring hydrogen atoms (#3.0 ppm) shows the large
asymmetry present in this molecule, which is typical for this
type of compound. The four protons of the pyridine ring are

RhCk-nH,0 was from Johnson Matthey Corp., while all other reagents
were purchased from Aldrich. Pyridine, aniline, and 2-aminopyridine
were used without further purification. TICpPPh[RhCI(CO)],*2
(Rh(CO){«-CpPPHh)), and [Rh(CO)¢-CpPPh)],** 8¢ and [FeCpg|(PFs)**

also clearly observed and assigned. Thus, we believe thewere prepared according to literature procedures. Cyclopentadienyl

2-aminopyridine is chelating.

As mentioned previously, pyridine can readily replace the
carbonyls of the dinuclear comple®* without the use of
TMNO. Therefore the reaction 02>* was carried out in
refluxing THF solution with 1 equiv of 2-aminopyridine. This

thallium was sublimed prior to use. Trimethylamine oxide, TMNO,
was dehydrated prior to use by vaccuum sublimation at°80

(13) Gallay, J.; de Montauzon, D.; Poilblanc,ROrganomet. Chemi972
38, 179.
(14) Desbois, M.-H.; Astruc, DNew J. Chem1989 13, 595.
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lodosylbenzene was prepared from its diacetate by hydrolysis, accordingthe solution was concentrated and®® NMR spectrum revealed

to a published metho#.

completion of the reaction. The methanol was reduced in volume to

Microanalyses were performed by the Service de Microanalyses du 1 mL and diethyl ether was added to precipitate the product. The solid

Laboratoire de Chimie de Coordination du CNRS. Infrared spectra of
solutions or KBr disks were recorded using a Perkin-Elmer 1725X FT-
IR or a Perkin-Elmer 833 spectrometéH NMR spectra were recorded
using either a Bruker WH 90 FT spectrometer (90.02 MHz), a Bruker
200 AC FT spectrometer (200.133 MHz) or a Bruker AM250
spectrometer.3C NMR spectra were obtained using a Bruker WM
250 FT spectrometer at 62.9 MH2*P(H) NMR spectra were recorded
using either a Bruker WH 90 FT spectrometer (36.43 MHz) or a Bruker
AC 80 FT spectrometer (32.438 MHz). Chemical shifts fdr 13C,

was washed several times with ether and dried in vacuo yielding a
lavender powder (45 mg, 60% yield). IR(KBry(CO) 2056 cm?;
v(CN) 2268 cn1l. Anal. Calcd for GsHasFeO7P.RhS,: C, 46.58;
H, 2.89; N, 1.55, Found: C, 46.62; H, 2.93; N, 1.3%H NMR: ¢
(CDs0D) 7.34 (m, Cp, 1H), 7.29 (m, Cp, 1H), 6.73 (m, Cp, 1H), 6.05
(m, Cp, 1H), 4.23 (m, Cp, 1H), 3.57 (m, Cp, 1H).
[Rh2(CO)(py)(u-CpPPhy)2](BF 4)2 [4C][BF4]2. Into a Schlenk tube
was introducedZ][BF 4], (72.7 mg, 0.078 mmol). This was evacuated
and put under argon, then pyridine (4.8 mL) was added, and the solution

and?3'P were referenced to, respectively, tetramethylsilane and externalwas stirred for 45 min. The solution was evacuated to dryness.
H3PO,. DCI mass spectrometric measurements with ammonia were Methanol was added to dissolve the product and the product was

recorded on a NERMAG R10-10 instrument.
[Rh(CO)(u-CpPPhy)]2(BF4), [2b][BF 4]2. A mixture of 1 (240 mg,
0.31 mmol) and NOBF(80 mg, 0.68 mmol) was poured into THF (15
mL). NO gas was immediately evolved, the solution turned brown,
and a light brown powder precipitated. After removal of the solvent,

the powder was washed with methanol and dried under vacuum. This

gave 255 mg of red-browr2p][BF 4], (0.27 mmol, 88% yield). Anal.
Calcd for GeH2sBoFsO-P.Rh,, C, 46.29; H, 3.02; Found C, 46.48; H,
2.94. IR in (KBr): »(CO) 2084 cm®. H NMR (CDsCOCD;), o:
8.04, 6.72, 5.27 (three broad peaks for 8H of Cp).
[Rh(CO)(u-CpPPhy)]2(CF3S0s),, [2€][CF3SOs]2. Ina Schlenk tube
1(661.8 mg, 0.87 mmol) and AgGEC; (470.0 mg, 1.83 mmol) were
dissolved in acetonitrile (30 mL). Afte h of stirring, the red-brown
solution was filtered through Celite to eliminate elemental silver. The

precipitated by addition of ether. The dark solid was washed with ether
and driedin vacuo(43 mg, 63% yield). IR(KBr):»(CO) 2046 cm™.
Anal. Calcd for GiH33sB.FsNOPRhy: C, 48.84; H, 3.72; N, 1.47.
Found: C, 48.77; H, 3.88; N, 1.42%H NMR: ¢ ((CDs).CO) 6.98
(s, Cp, 2H), 6.49 (s, Cp, 1H), 4.64 (s, Cp, 1H), 3.92 (s, Cp, 1H).
[Rh2(CO)(PhNH,)(u-CpPPh,),](CF3SO4]2, [4€][CFsSOs),. A 10
mm NMR tube was charged with 46.2 mg (0.044 mmol) Z{CFs-
SOs).. Under an atmosphere of argon 2 mL of 2D was added. To
this red solution was added 8 mL (0.088 mmol) of aniline (freshly
distilled from NaOH) giving a blood red solution. THéP NMR
spectrum (Table 1) was recorded after 2 days at room temperature
revealing the conversion td§[CF30s],. The solution was evaporated
to dryness and washed with ether to afford a black powder. IR{(CH
Cly): »(CO) 2055 cm. Another3P NMR spectrum recorded at the

filtrate was then evacuated to dryness. The red-brown solid gave abeginning of the reaction revealed the existence of some nonidentified

slurry in CH.Cly/ether (4 mL/15 mL) and was filtered. A black-green
impurity was left in solution. The red solid was washed with cold (0
°C) CHLCI, (2 x 2 mL) and ether and then dried. This gave 684.6 mg
of the red productdc][CFs:SG;)2 (74% vyield). IR(CHCIy): »(CO)
2086, 2054 cm!. Anal. Calcd for GgH2sFs0OsP.RILS,. C, 42.61; H,
2.73 Hz. Found: C, 42.40; H, 2.8H NMR: 6 (CDsCN) 7.19 (s,
Cp, 2H), 6.10 (s, Cp, 2H), 4.29 (s, Cp, 2H).
[Rh(THF)(#-CpPPh,)]2(PFg),, [3a][PFe)2. In a Schlenk tube were
placed [Rh(CO)(CpPRN2(PFs)2[2a][PF 6]z (320 mg, 0.30 mmol) and

intermediate.

[Rha(CO)[(i-Pr).NH](u-CpPPhy)2](PFe)2, [4f][PFel.. TO a suspen-
sion of [2][PFg]2 (50 mg, 0.05 mmol) in methanol (5 mL) was added
(i-PrXNH (40 ul). While stirring during 12 h, the solution turned to
purple. [Rh(CO)¢-CpPPh)]. formed was separated by filtration and
the solution reduced by evaporation. Addition of diethylether (15 mL)
afforded a red precipitate o#{][PF¢]. which is washed with pentane
and dried under vacuum (27 mg, yield 45%). NMR ({CDCD;) *H:

0 7.39 (m, 2HCp):0 6.86 (m, 2HCp);d 6.08 (M, 2HCp);d 5.76 (M,

freshly prepared PhlO (220 mg, 1 mmol). This was evacuated and 2HCp);6 1.52 (d, 12H-Pr). IR (B-KBr),»(CO)= 2037 cn1?, »(NH)
put under argon, then THF (10 mL) was added, and after 5 min a green= 3223 cnt. Anal. Calcd for GiHi3F12 NORh,; C, 43.83; H, 3.86,

solution was obtained. It was stirred for an additional 30 min, and

then a green precipitate formed. This precipitate was washed with THF

and dried under vacuum during 8-10 h. A total of 210 mg 3H]{
[P, is obtained (61% yield). Anal. Calcd forsHasF120.PsRh,

C, 44.31; H, 3.90. Found, C, 44.61; H, 4.284 NMR: ¢ (CDs-
COCDy) 7.14 (s, Cp, 4H), 6.67 (m, Cp, 4H), 3.75 (m, THF, 8H), 1.92
(m, THF, 8H).

[Rh2(CO)(MeCN)(u-CpPPh)](CF3S0s)2, [4a][CFsSOslo. A
2-necked 50 mL round bottom flask equipped with a reflux condenser
and an argon inlet was charged wic][CFs;SG;]; (182.6 mg, 0.173
mmol).

N, 1.25. Found: C, 44.01; H, 3.94; N, 1.15%.
[Rh(MeCN)(¢-CpPPhy)]o(CF3SOs)2, [5a][CF3S0Gs].. To a solid
mixture of [2][CFsSG;]2 (76.6 mg, 0.072 mmol) and MEO (10.9 mg,
0.145 mmoles) under argon was added acetonitrile (5 mL). Within
one minute the solution was violet and very fine bubbles of gas were
observed in the Schlenk tube. After quickly renewing the atmosphere
in the Schlenk tube with argon, it was left to stir for a half hour. This
gave a dark violet residue when evaporated to dryness. The yield was
quantitative as observed B{P NMR spectroscopy. The product was
reprecipitated from CkCl, with ether, washed with ether and dried

The red solid was evacuated and put under argon, and under vacuum over®s to afford 34 mg (43%) of an analytically pure

acetonitrile (20 mL) was added. The solution was heated under reflux compound. IR (KBr): no carbonyl peak(CN) 2291 cnt’. Anal.

for 4 h, and the red solution gradually became violet. The solution

Calcd for GgHz4FsOgP.Rh:S,: C, 43.48; H, 3.57; N, 2.92. Found: C,

was then allowed to cool and evaporated to dryness. The solid was43.57; H, 3.29; N, 2.54.1H NMR: 6 (CDsCN) 7.27 (m, Cp, 2H),
washed with ether and pentane, giving a deep purple microcrystalline 6.80 (m, Cp, 2H), 5.95 (m, Cp, 2H), 2.97 (m, Cp, 2H), 1.86 (ssCH

solid (155.1 mg, 84% vyield). IR(C¥l,): »(CO) 2061 cm. Anal.
Calcd for [43][CF3SQ,]2'H20 i.e. C;oH34FeOgP2Rh2SQl C, 4302, H,
2.95; N, 1.24. Found: C, 42.99, H, 3.05, N, 1.Z¥H NMR: ¢ (CD»-
Clp) 7.00 (m, Cp, 1H), 6.97 (s, Cp, 1H), 6.24 (m, Cp, 1H), 5.90 (s, Cp,
1H), 3.76 (m, Cp, 1H), 3.06 (s, Cp, 1H), 1.98 (s, {CHN, 3H). A
similar method is used to synthesize the,Berivative of4>" but
one starts with the BF derivative of2?". IR(KBr): »(CO) 2046 cm™.
Anal. Calcd for GoHs4BFsO-P;Rh: C, 46.32, H, 3.35, N, 1.68; Found,
C, 46.93, H, 3.30, N, 1.48.
[Rh2(CO)(PhCN)(u-CpPPhy),](CF3S0s),, [4b][CF3S04),. Into a
Schlenk tube was introducedd][CF3;SO;); (71.7 mg, 0.067 mmol).

This was evacuated and put under argon, and then freshly distilled,

CN, 6H).

[Rh(PhCN)(z-CpPPhy)]2(CF3SQs)2, [Sb][CF3SOs].. A 3-necked
50 mL round-bottomed flask was charged wisf{CFsSO;]2 (99.3 mg,
0.094 mmol) under argon. Benzonitrile (10 mL freshly distilled from
CaH,) was added, giving an orange-red solution. The reaction flask
was equipped with a reflux condenser and an outlet to a mercury
bubbler. The reaction flask was heated on an oil bath at C4or 16
h and monitored by!P NMR spectroscopy. The dark solution was
evaporated to dryness. The residue was then washed with toluene/
ether and the dirty gray solution was discarded leaving a black product.
The product was recrystallized from methanol/ether giving a black
powder. Anal. Calcd for GH3gFsOsP.RS,: C, 43.48; H, 3.57; N,

degassed methanol (10 mL) was added. This gave a purple-red solution2.92. Found: C, 43.57; H, 3.29; N, 2.54. IR(KBn)(CN) 2292 cn™.

An excess of freshly distilled benzonitrile (0.2 mL, 1.96 mmol) was
added. The solution did not noticeably change color, but after 48 h

(15) Saltzman, H.; Sharefkin, J. @rg. Synth.1963 43, 60.

H NMR: d (CDsOD) 7.13 (s, Cp, 2H), 6.38 (s, Cp, 2H), 3.57 (s, Cp,

2H), 3.23 (s, Cp, 2H), 6.95 (dJ = 7.3 Hz, PhCN, 4H).
[Rh(py)(u-CpPPh)]o(CFsSOs)2, [SC][CFsSOs].. A Schlenk tube

was charged withg)[CFsSGs]. (52.2 mg, 0.049 mmol) under argon.
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Pyridine (4.5 mL freshly distilled from NaOH) was added, giving a
green-blue solution. The reaction mixture was stirracbfh and then

Iretskii et al.

precipitate was washed with cold THF and 42.1 mg (39%) were isolated.
The IR spectrum revealed that this was the unreacted starting material.

evaporated to dryness. The residue was then dissolved in methanolThe brown solution was evaporated to dryness and the IR spectrum

and precipitated with ether to give a dark blue powder. ¥Reand
IH NMR spectra were consistent with that found previously for the
BF,~ derivative®

[ha(H2NC5H4N)([l-CpPth)z](PF5)2, [6][PF6]2 Into a Schlenk
tube were introduce®][PFg), (116 mg, 0.11 mmol), ONMg25 mg,
0.22 mmol), and CkCl, (10 mL). After 15 min of stirring, the green
solution was filtered. To the filtrate was added an excess of 2-ami-
nopyridine (30 mg, 0.32 mmol). Afte4 h of stirring, the red-brown
solution was reduced in volume to 3 mL and then flash-chromato-
graphed on a 20 cm column of silica (gE/acetone= 9/1 as eluent).
After evaporation of the solvent, the product was dried under vacuum
to give a burgundy microcrystalline powder (87 mg, 80% yield). Anal.
Calcd for GeHzaNPsF12 Rhy: C, 43.01; N, 2.57; H, 3.15. Found: C,
43.50; N, 2.79; H, 3.62.

13C NMR (CDCLk): 2-aminopyridine carbonsj 175.8 (s, 1C),0
154.3 (d,*J(CH) =179.6 Hz, 1C); phenyl carbons, 134-129 (m,
27C); cyclopentadienyl carbong,114.1 (d,*J(CH) = 165.8 Hz, 1C),

6 107.7 (d,*J(CH) = 167.1 Hz, 1C)p 104.3 (d,"J(CH) = 180.9 Hz,
1C), 6 102.3 (d,X)(CH) = 182.1 Hz, 1C)p 97.7 (d,%)(CH) = 181.7
Hz, 2C), 6 71.9 (d,*J(CH) = 195.7 Hz, 1C),0 69.8 (d,*J(CH) =
174.1 Hz, 1C)p 62.6 (d,"J(CP)= 45.9 Hz, 1C),0 59.5 (d,.J(CP)=

46 Hz, 1C). *H NMR (CDsCN): o cyclopentadienyl hydrogens, 6.97
(m, 1H), 6.89 (m, 1H), 6.51 (m, 1H), 6.33 (m, 1H), 5.34 (m, 1H), 5.20
(m, 1H), 3.05 (m, 2H), 3.2 (br. s), 2-aminopyridine hydrogeng,35

(d, 3J(HH) = 6.23 Hz, 1H),6 6.58 (dd,2J(HH) = 8.65 Hz,3J(HH) =
6.75 Hz, 1H),0 5.79 (d,3J(HH) = 8.54 Hz, 1H),0 5.52 (dd,3J(HH)

= 6.53 Hz,3J(HH) = 6.26 Hz, 1H).

Reaction of [Rh(CO)u-CpPPh,)],(CFsS0s), with Aniline. A 10
mm NMR tube was charged with 46.2 mg (0.044 mmol) ZJ{CFs-
SGs)2. Under an atmosphere of argon, 2 mL of £ID was added.
To this red solution was added 8 mL (0.088 mmol) of aniline (freshly
distilled from NaOH), giving a blood red solution. TH& NMR

and3P NMR spectra were recorded revealing the presende of

The reaction was repeated witB][[CFsSG;], (168.1 mg, 0.159
mmol) and a 2-fold excess of 2-aminopyridine (29.8 mg, 0.317 mmol).
The reaction was followed by IR spectroscopy of the THF solution.
After 1 h there was the formation of a strong band at 1951 *camd
medium bands at 1673 and 1624 ¢pand the characteristic two bands
of the dication had shifted to lower frequency (2068 and 2045'tm
The reflux was continued for 19 h, but there was no change in the IR
spectrum. The dark violet-red solution was transferred to a Schlenk
tube and evaporated to dryness. FHeNMR spectrum again indicated
the neutral specie$ in addition to another species characterized by
two 3P NMR signalsp 42.5 (dd,*J(RhP)= 202.2 Hz2J(PP)= 12.2
Hz, 1P),6 28.8 (dd,3J(RhP)= 150.5 Hz,2J(PP)= 12.3 Hz, 1P).
Unfortunately, this product could not be separated frtbm

[Rh(NO2)(u-CpPPhy)]2, 7. Due to the low solubility of NaN@in
THF it appeared preferable to use the solvate spefiesprepared
from TMNO in CH,Cl, rather than from PhIO in THF, as starting
material.

In a typical synthesis,2J[PFg], (150 mg, 0.14 mmol) was decar-
bonylated by stirring with (CksNO-2H,O (30 mg, 0.27 mmol) in CH
Cl, (10 mL) for 15 min. The green solution was filtered and poured
into NaNQ;, (200 mg) in methanol (10 mL). Afte2 h of stirring, the
solution turned red. The residue obtained from the evaporation of this
solution was extracted with Gil,. This solution was flash chro-
matographed on a column of silica (eluent£H/acetone= 1:1). The
evaporation of the obtained solution afford@ds a red powder (72
mg, yield 64%). *H NMR (CDsCOCD;): 6 7.21 (m, 2HCp), 7.06 (m,
2HCp), 6.48 (M, 2HCp), 2.49 (m, 2HCp¥P NMR: ¢ 53.7 (dd J(Rh—
P)=163.9 Hz). IR (in KBr): »(NO,) = 1376, 1305, 820 cnt. Anal.
Calcd for GaH2sN204P.Rh: C, 51.28; H, 3.52; N, 3.54. Found: C,
51.04; H, 3.37; N, 3.78.
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showing the conversion #e*t. The solution was evaporated to dryness
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Supporting Information Available: Figure 4 showing the evolution
of the 3P NMR spectra along the following series of compounds: (a)
the symmetric bis(solvate) cation [Rh(THE)CpPPR)]2" (3&1), (b)
the dissymmetric cation[RtH-N-CsHsN)(u-CpPPh);]?" (621), (c) the

(0.109 mmol) of 2-aminopyridine. The reaction vessel was evacuated dissymmetric cation [RICO)MeCN)i-CpPPh),J?+ (422*), and (d)

and put under argon. It was then equipped with a reflux condenser
and THF (17 mL) was added. The solution was heated under reflux

for 2 h, giving a purple solution. Upon cooling to room temperature,

the dissymmetric cation [R{CO)(-PrLNH)(u-CpPPh),J2t (4f2%) (1
page). Ordering information is given on any current masthead page.

a red precipitate and a brown solution were observed. The red IC9502335



