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case of a 6 x His-tag the more stable one (or ones) is formed
more frequently instead. These two coordination bonds differ
not only in stability, but also in the “energy landscape”['l of
their transition states, as revealed by the study we carried out
on the dependence of their rupture forces on the force loading
rate (to be published). This parameter, first introduced by
Evans and Ritchie,'” is equal to the product of the pulling
velocity and the “effective” spring constant (the combination
in series of the spring constant of the cantilever and of the
molecular bridge).

This experiment, although not yet optimized, is casting a
new light on our understanding of a bond that forms the basis
for more and more important tools for molecular biology.
These results make it possible not only to foresee the
tremendous possibilities but also the possible problems and
pitfalls of this very new and still developing SFM method for
studying binding processes.

Experimental Section

The peptide HCys-(Gly)q-(His),-OH was kindly provided by Prof. Peggion
(Padova), and HCys-(Gly)s-(His)s-OH was synthesized by Tecnogen
(Naples, Italy). Both were synthesized by solid-phase methods, and their
purity was controlled by HPLC and MALDI-TOF MS. The Ni-nta
Biacore chip was depleted of nickel(ll) ions by incubation in 0.35m
ethylenediaminetetraacetic acid solution for 2 h; iron(i11) or nickel(tr) ions
were reintroduced by treating the chip with a 100mm solution of FeCl; or
NiCl, and then rinsing with water. Si;N, AFM cantilevers (DI, Santa
Barbara, CA) were metalized by resistive deposition of Ti and then Au
99.99% (thicknesses of 10—15nm and 30-40nm, respectively) at
10-° Torr. The tips were then immediately immersed in a 1 mgmL™!
solution of the peptide in phosphate-buffered saline (PBS) at pH 7.4 for
30 min.

The spring constants of the cantilevers were determined from their thermal
excitation!¥ with a precision not higher than 30 %. Four cantilevers were
used for the measurements. The values of their spring constants obtained
by this method were in the range of 60 to 120 pN nm~. Force measurements
were carried out in PBS with a Nanoscope III Multimode AFM (DI, Santa
Barbara, CA).
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The formally tridentate cyclopentadienyl and hydrotris-
(pyrazolyl)borate ligands are important auxiliary ligands in
organometallic chemistry.I>? Most often they act as specta-
tors, and chemical transformation occurs at the metal center
or at other coordinated ligands. However, in some instances
they may have a noninnocent involvement by means of
hapticity changes.

Variations in coordination mode are well documented for
the cyclopentadienyl system (Cp’).»4 Casey and co-workers
demonstrated some years ago the interconversion of 7°-CsHs,
n'-CsHs, and ionic “7°”-CsHs~ compounds in the reaction of
[(7°-CsH5)Re(NO)(CH;)(PMes) | with PMe,P! and proposed
an 77>-C;H; intermediate for the ° = #' exchange. In contrast,
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the tris(pyrazolyl)borates (Tp’) bind predominantly in a
facial, tripodal fashion, ¢! that is, ¥3-N,N',N"-Tp’, and exam-
ples of k>-Tp’'ML, complexes are rare except among 16-
electron, square-planar species.>?® To our knowledge, the
monodentate k'-N-Tp’ coordination mode is restricted to a
series of closely related Ni complexes of the bulky hydro-
tris(3-tert-butylpyrazolyl)borate anion.[>° During the course
of this work, an interesting Rh compound that displays an
unprecedented k*N,H-Tp’ bonding mode was reported by
Kalck, Etienne, and co-workers.'"!

As far as we are aware, direct, unequivocal evidence for an
ionic “x%”-Tp'~ metal compound has not yet been provided.
Moreover, the recent isolation of the salt [Tm,Bi][Tp,Na], by
addition of NaTp to the purported “[Tm,BiCl]” (Tm = hy-
drotris(methimazolyl)borate), was attributed to the proficien-
cy of Tp as a ligand and to its unwillingness to act as a
counterion.'l Here we report the interconversion of -
N,N',N"-, k>-N,N'-, k'-N- and “k"”-Tp’~ rhodium compounds
(Tp'=Tp, TpM? (TpMe:=hydrotris(3,5-dimethylpyrazolyl)-
borate)). We have authenticated the four coordination modes
by X-ray crystallography on Rh' and Rh'' complexes. That
concerning the unprecedented “xk®” mode is described
herein.

Treatment of either [TpM*?Rh(C,H,),] (1) or [Tp™*’Rh-
(C,H,)(PMe,)] (2)!* with an excess of PMe, (ca. 5—6 equiv;
20°C, <1h) induces quantitative formation of the new
complex 4, isolable as yellow crystals (Scheme 1). The
putative intermediate bis-phosphane complex cannot be
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Scheme 1. PMe;-induced variations in the coordination of the TpM<? ligand
in Rh! complexes.

detected in the course of this reaction, but it can be generated
by the slow dropwise addition of one molar equivalent of
PMe; to solutions of 2. Compound 3 is always contaminated
with small amounts of 2 and 4 and has not been isolated in
analytically pure form. Its characterization by spectroscopic
methods is, however, straightforward.["*l Since the reaction of
the tris-phosphane complex 4 with the bis-ethene derivative 1
gives a mixture of 2 and 3, the interconversion of the x'- and
k>-TpM?Rh! complexes shown in Scheme 1 is reversible.
Complete displacement of the coordinated TpM*? ligand
appears possible, although more forcing conditions are
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needed (120°C, 6 h). Like other [Rh(PMe;),]X (X =BPh,,
PF,) salts[! [Rh(PMe,),]JTpM? cannot be isolated and
decomposes during workup. This precluded its full character-
ization.

A single crystal of the tris-phosphane complex 4 was
subjected to an X-ray study!™* (Figure 1). The long Rh--- H(B)
separation of 2.59(4) A seems to indicate no significant

Figure 1. Molecular structure of 4. Selected bond lengths [A] and an-
gles []: Rh—N12 2.116(2), Rh—P1 2.3209(8), Rh—P2 2.3057(8), Rh—P3
2.2206(9); N12-Rh-P1 86.14(6), N12-Rh-P2 86.89(6), P3-Rh-P2 93.69(3),
P3-Rh-P1 92.78(3).

B—H---Rh interaction and therefore x!-Tp™°? coordination.

However, in view of the error associated with the deter-
mination of this bonding parameter and of the somewhat
similar, albeit shorter, Rh---H separation of 2.35(3) All%
in the related complex [(x?-N,H-TpM2+)Rh(CO)(PPh;),]
(TpMe24A = hydrotris(3,5-dimethyl-4-chloropyrazolyl) borate),
it seems advisable to defer the assignment of the TpMe?
coordination mode in 4 until more data are available. The
3P{'H} NMR spectrum of 4 in [Dg]toluene at 20°C can be
interpreted in terms of an AB,X spin system (X =!“Rh) in
which the AB, portion almost approaches a first-order
situation  (0(P,)=—5.8, 0O(Pg)=-—14.1; 2J(P,,Pg)=48,
1J(P,,Rh) =158, J(Pg,Rh) =133 Hz). However, at —80°C
the two trans phosphane ligands become inequivalent, and a
large 2J(P,P) coupling of 340 Hz can be readily computed by
spin-simulation techniques. The low-temperature spectrum is
in accord with an asymmetric structure, but in view of
literature precedent[®s 1% 16-18] the presence in solutions of 4 of
isomeric complexes that feature different coordination modes
of the TpM? ligand (see above) cannot be excluded.

The bis-hydrido complex [(k*-TpM?)Rh(H),(PMe;)]
(5a)'2 undergoes similar reactions when heated in the
presence of PMe; (Scheme 2). The x2-TpM? bis-phosphane
compound 6 a is initially formed!” (50°C, 2 h), but additional
stirring at 50°C for 8 h gives a compound formulated as
[Rh(H),(PMe,),]TpMe? (7a). The NMR parameters of the
[Rh(H),(PMe;),]* cation of 7a are identical to those already
reported,l'*?! and match exactly those corresponding to
the species that is generated by the reaction of
[Rh(H),(PMe,),]CI*l with KTpMe2,
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Scheme 2. Changes in the denticity of Tp and Tp™? in Rh™ hydrido
complexes. The reactions proceed at 50°C for Tp'=TpM?, and at room
temperature for Tp'=Tp.

Whereas this proposal could not be confirmed by X-ray
studies, the analogous complex [Rh(H),(PMe;),]Tp (7b) of
the unsubstituted tris(pyrazolyl)borate ligand can be isolated
as white crystals from the reaction of [ («x3-Tp)Rh(H),(PMe,)]
(5b) with PMe; (ca. 5-6equiv).?'l As shown in Figure 2,
there is no bonding interaction? between the Rh!"! center and

Figure 2. Molecular structure of 7b. Selected bond lengths [A] and
angles [°]: Rh1-H1 1.57(7), Rh1-H2 1.53(9), Rh1-P(2) 2.362(2), Rh1-P3
2.358(2), Rh1-P42.310(2), Rh1-P5 2.296(2); P3-Rh1-P2 98.70(7), P5-Rh1-
P4 154.72(7).

the Tp~anion; the closest Rh---N contact is to one of the N
atoms of the Tp ligand of another asymmetric unit (4.627 A).
It is therefore clear that the overall transformation shown in
Scheme 2 provides the first examples of metal salts of the
hydrotris(pyrazolyl)borate anions Tp'~. Moreover, our results
constitute the first observation of a stepwise change in the
denticity of Tp’ ligands from x> to “x°”. Such changes in Tp’
coordination modes may have important implications in
stoichiometric and catalytic transformations of M—Tp’ com-
pounds.

Before closing, some comments on the application of the
v(B—H)['"1 and 6("'B{'H})"¥ criteria to ascertain the x"-Tp’
denticity in the above complexes appear appropriate. Refer-
ring for convenience and simplicity to the Tp™*? derivatives,

220 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

the v(B—H) stretching frequencies of 2 (2518 cm™!) and 3
(2450 cm™!) are in accord with the proposed «*-TpM<? (in the
case of 2) and k>TpM?? coordination modes (for 3). The
UB{'H} NMR chemical shifts of 0 = — 8.8 (2) and — 5.6 (3) also
point in the same direction.['®! The situation is, however, more
complex for the x!-TpM? compound 4. Comparison of its
B{'H} chemical shift of = — 2.0 with those of 2 and 3 shows
the trend expected for k* —k* —«k! exchange. However, the IR
spectrum of 4 (KBr disk, Nujol mull, and solution in THF, in
the latter case in the temperature range 20 to —85°C)
contains three bands in the proximity of 2425 (shoulder for
spectra in THF), 2390, and 2355 cm~.. It seems reasonable
that the proposed k' coordination mode in 4 is only one of
several possible isomeric forms, and that other isomers, such
as k*-N,H or k*-N,N', are responsible for the multiplicity of the
v(B—H) bands. In solution these putative structures could
equilibrate rapidly on the NMR time scale. This interesting
aspect of the chemistry of 4 is presently under investigation
and will be addressed in detail in a full paper. Finally, the “x°”
complex 7a displays v(B—H) at 2431 cm~! and has a J(''B)
value of about —2.0. Hence, a distinction between the x'- and
“x9” formulations for our compounds does not appear
possible purely on the basis of B—H stretching frequencies
and !'B chemical shifts.

Experimental Section

4: A solution of [TpM2Rh(C,H,),] (0.114 g, 0.25 mmol) in THF (15 mL) at
—30°C was treated with a solution of PMe; in THF (1.5 mL, 1M, 1.5 mmol).
After stirring for 1 h at room temperature, the solution was analyzed by 3'P
NMR spectroscopy, which showed quantitative formation of the title
compound. The volatile materials were removed in vacuo, and the residue
was dissolved in petroleum ether (20 mL). After filtration and concen-
tration, the solution was cooled to —20°C, and yellow crystals of 4 were
obtained (0.12g, 42% yield). IR (Nujol): #=2425, 2390, 2355,
2335(sh) em™! (B—H); 'H NMR (CDg, 25°C): 6=5.93, 5.85 (brs, 2:1,
3H, 3 CH,,), 2.40, 2.36,2.28, 2.18 (brs, 2:1:1:2, 18 H, 6 Me,,), 0.96 (m, 27H,
3PMe;); BC{!H} NMR (C¢Dy, 25°C): 6 =146.6, 143.6, 145.3, 148.1 (2:2:1:1,
C, (pz)), 106.3, 104.6 (2:1, CH,,), 21.4 (d, 'J(C,P)=27 Hz, PMe;), 17.7
(pseudo-t, J(C,P),,, =13 Hz, 2trans-PMe;), 15.1, 14.1, 12.7, 11.5 (1:2:1:2,
Me,,); *P{'H} NMR (CiD,, 25°C): 6=-5.8 (dt, 'J(P,Rh)=158 Hz,
2J(P,P)=48 Hz), —14.1 (dd, 'J(P,Rh) =133 Hz, %/(PP) =48 Hz); '"B{'H}
NMR (CiDy, 25°C): 0=-20; elemental analysis caled for
C,,H,sBN¢P;Rh: C 459, H 79, N 13.4; found: C 45.7, H 7.8, N 13.7.

7b: A solution of PMe; in THF (0.6 mL, 1M, 0.6 mmol) was added to a solid
sample of [TpRh(H),(PMe;)] (0.03 g, 0.07 mmol). The mixture was heated
at 50°C for 30 min, after which 3P NMR spectroscopy revealed quanti-
tative transformation into a new compound. The solvent was evaporated in
vacuo, and the residue extracted with THF. After filtration and concen-
tration under reduced pressure, the solution was cooled to —20°C to yield
white crystals of 7b in about 40% yield. IR (Nujol): 7=2474 (B—H),
1955 cm~! (Rh—H); 'H NMR ([DgJacetone, 25°C): 6 =7.36, 7.28,5.92 (d, d,
t, J(H,H) =2.0 Hz, 3H each, 9CHy,), 4.97 (q, 1:1:1:1, 'J(H,B) = 113.6, 1 H,
BH), 1.60 (pseudo-t, J(H,P),,,=3.2Hz, 18H, 2trans-PMe;), 1.53 (d,
2J(H,P)=70Hz, 18H, 2cis-PMe;), —10.57 (dtd, %/(H,P)=136.6, 20.2,
J(H,Rh) =15.0 Hz, 2H, 2Rh—H); BC{'"H} NMR ([D¢]acetone, 25°C): 6 =
138.7,133.4,102.6 (CHyy,), 25.3 (pseudo-t, J(C,P),,, = 17 Hz, 2 trans-PMe;),
21.9 (filled in d, J(C,P),,, =27 Hz, 2 cis-PMe,); *'P{'H} NMR ([Dg]acetone,
25°C): d =—13.0 (dt, J(P,Rh) =96, 2/(P,P) =27 Hz), 23.9 (dt, J(P,Rh) =
87,2J(PP) =27 Hz); "B{'H} NMR ([D]acetone, 25°C): § = — 1.2; elemen-
tal analysis calcd for 7b (C,;H,sBN¢P,Rh): C 40.5, H 7.7, N 13.5; found: C
40.2, H7.5, N 13.6.
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[(x*-TpMe)Rh(H),(PMes),] (6a): IR (Nujol): 7=2484 (B—H), 2068,
2045 cm~! (Rh—H); '"H NMR (C4Dy, 25°C): 6 =5.84,5.74 (s, 2:1, 3H,
3CH,,), 241, 2.32, 2.15, 1.73 (s, 2:2:1:1, 18H 6Me,,), 1.13 (d,
2J(H,P)=5.5 Hz, 9H, PMe,), 0.55 (d, 2J(H,P) =4.8 Hz, 9H, PMe,),
—1722 (q, 'J(H,Rh) =2/(H,P) =20.8 Hz, 2H, 2Rh—H); *C{'H} NMR
(C¢Ds, 25°C): 6=151.0, 150.0, 146.0, 141.4 (2:2:1:1, C, (pz)), 107.0,
105.6 (2:1, CH,,), 19.3 (dd, 'J(C,P) =19, *J(C,P) = 12 Hz; PMe;), 18.0
(dd, J(C,P)=17, 3Jp =11 Hz, PMe;), 170, 14.3, 14.0, 11.3 (2:2:1:1;
Me,,); *'P{'"H} NMR (C¢Ds, 25°C): AB part of an ABX spin system
centered at 6 =—4.0, J(A,Rh) =J(B,Rh) =107 Hz; J(AB) could not
be computed from the spectrum because the smallest signals of the
AB spin system were not located; "B{'H} NMR (C¢Dg, 25°C): 6 =
—6.0.
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While this manuscript was being prepared, we learned that related Rh!
complexes containing a “k"’-Tp’ group (Tp'=TpM, 4) can be
obtained from [Tp'Rh(CO),] and PMePh, or Ph,P(CH,);PPh,: P.
Kalck, personal communication.

X-ray data for 7b: the X-ray structural determination of 7b was
carried out on a crystal of approximate dimensions 0.08 x 0.10 x
0.14 mm by the same procedure as for compound 4! but in this
case data were collected over an hemisphere of the reciprocal space by
combination of three exposure sets. The H atoms coordinated to Rh
were located in Fourier synthesis and refined isotropically. Crystal
data: M,=622.25; triclinic, space group P1l, a=9.4968(13), b=
9.7223(13), ¢=9.8279(13) A, «=60.891(2), S=85285(2), y=
80.050(2)°,V=780.9(2) A3, Z=1, peyea=1.323 gem=3, F(000) =326,
T=143(2) K. Of the 3680 reflections collected, 3210 were unique
(R, =0.0261). Final R indices [I>20(])]: R;=0.0417, wR,=
0.0925.015]
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