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A series of rhodium pyrazolylborate complexes fRb(PPR),] {Tp® = HBR';, R = 3,5-
dimethylpyrazolyl (), pyrazolyl @), 3-phenylpyrazolyl4), or 3-phenyl-5-methylpyrazolybj} and [Bp*-
Rh(PPh)2] {BpR = H:BR',, R = 3,5-dimethylpyrazolyl (2) were prepared from [CIRh(PB] and KX
(X = pyrazolylborate anion). Complexeés-5 were characterized crystallographically. The solution
structures of new complexe$ and 5 were also examined by variable temperature NMR and IR
spectroscopy. The catalytic activity of complexesb in alkyne hydrothiolation was then examined. It
was found that disubstituted tris(pyrazolyl)borate completesn@5) give the best selectivity and yield
in alkyne hydrothiolation with aliphatic thiols.

Introduction remains raré.Nevertheless, a number of catalytic applications

have emerged, including polymerization of phenylacetyfene,
*homogeneous hydrogenation of quinolfneimerization of
terminal alkyne$,alkyne hydrophosphinylatioharomatic G-H
borylation® hydrosilylation? hydroarylationt® and hydroformy-
lation1?

Pyrazolylborates constitute an important class of multidentate
monoanionic ligands for transition metdldletal complexes
bearing these ligands exhibit a broad range of catalytic and
stoichiometric reactivity. Notably, rhodium pyrazolylborate
complexes have been studied extensively for the stoichiometric )
activation of H-X bonds (X= H, C, S, etc.f In comparison As part of our broader program focused on exploring the
with pyrazolylborate complexes of other late transition metals, reactivity of transition metal-heteroatom bonds, we decided to
the use of rhodium pyrazolylborate complexes in catalysis investigate the catalytic activity of rhodium pyrazolylborate
complexes for transformations of thiols. Transition metal-

* Corresponding author. E-mail: jenlove@chem.ubc.ca. catalyzed reactions of thiols have been explored to a much lesser

(l) Trofimenko, S._InScorpior_lates-The Coordination Chemistry of extent than those of aminesy alcoh0|S, and phosphineS, due to
Polypyrazolylborate Ligandmperial College Press: London, 1999, . the belief that sulfur compounds “poison” metal complexes

(2) For examples of stoichiometric bond activation reactions, see: !
C—H: (a) Ghosh, C. K.; Graham, W. A. G. Am. Chem. S0d.987, 109, thereby precluding catalysis. Despite this generalization, a

gzjﬁ‘::fé rfg?nGggihés% fﬂ”&’g&oé jéf-?(c’ifgntrzyoﬁig GAfaRavae\éVS- A. number of transition metal-catalyzed reactions involving thiols
L J. . . . urwoko, A. A; , . . .

A. J. Inorg. Chem.1995 34, 424-425. (d) Paneque, M.: Taboada, S.: haye been developééIFor instance, alkyng hydrothlolatlon_ (eq

Carmona, EOrganometallics.996 15, 2678-2679. (e) Paneque, M./ Re, 1) is an attractive method for the formation of vinyl sulfides,
P. J.; Pizzano, A.; Poveda, M. L.; Taboada, S.; Trujillo, M.; Carmona, E.
Organometallics1999 18, 4304-4310. (f) Wick, D. D.; Jones, W. D.

Organometallics1999 18, 495-505. (g) Asplund, M. C.; Snee, P. T, (4) For catalytic transformations with TpRh complexes, see: Slugovc,
Yeston, J. S.; Wilkens, M. J.; Payne, C. K.; Yang, H.; Kotz, K. T.; Frei, C.; Padilla-Martinez, I.; Sirol, S.; Carmona, Eoord. Chem. Re 2001,
H.; Bergman, R. G.; Harris, C. Bl. Am. Chem. So002 124, 10605~ 213 129-157.
10612. (h) Rodriguez, P.; ‘Bz-Requejo, M. M.; Belderrain, T. R (5) (a) Katayama, H.; Yamamura, K.; Miyaki, Y.; Ozawa, Grgano-
Trofimenko, S.; Nicasio, M. C.; Rez, P. J.Organometallics2004 23, metallics 1997, 16, 4497-4500. (b) Ruman, T.; Ciunik, Z.; Trzeciak, A.
2162-2167. Sr-H: (i) Circu, V.; Fernandes, M. A.; Carlton, Lnorg. M.; Wotowiec, S.; Ziotkowski, J. JOrganometallic003 22, 1072-1080.
Chem.2002 41, 3859-3865. S-H: (j) Circu, V.; Fernandes, M. A,; (c) Trzeciak, A. M.; Ziotkowski, J. JAppl. Organomet. Chen2004 18,
Carlton, L.Polyhedron2003 22, 3293-3298. 124-129.

(3) For examples of late transition metal pyrazolylborate complexes, (6) Alvarado, Y.; Busolo, M.; Lopez-Linares, . Mol. Catal. A: Chem.
see: with Cu: (a) Daz-Requejo, M. M.; Nicasio, M. C.; lrez, P. J. 1999 142 163-167.
Organometallicsl998 17, 3051-3057. (b) Daz-Requejo, M. M.; Belder- (7) Van Rooy, S.; Cao, C.; Patrick, B. O.; Lam, A.; Love, J.lAorg.
rain, T. R.; Nicasio, M. C.; Pez, P. JOrganometallic200Q 19, 285~ Chim. Acta2006 359 2918-2923.
289. (c) Daz-Requejo, M. M.; Belderrain, T. R.;"Rz, P. J.Chem. (8) Murata, M.; Odajima, H.; Watanabe, S.; Masuda,Bull. Chem.
Commun200Q 19, 1853-1854. (d) Morilla, M. E.; Molina, M. J.; [Caz- Soc. Jpn2006 79, 1980-1982.
Requejo, M. M.; Belderrain, T. R.; Nicasio, M. C.; Trofimenko, S'réz (9) Ganicz, T.; Mizerska, U.; Moszner, M.; O'Brien, M.; Perry, R,;
P. J.Organometallic2003 22, 2914-2918. (e) Handy, S. T.; lvanow, A,; Stanczyk, W. AAppl. Catal. A: Gen2004 259, 49-55.
Czopp, M.Tetrahedron Lett2006 47, 1821-1823. with Ru: (f) Vicente, (10) Oxgaard, J.; Periana, R. A.; Goddard, W. A.,JIIAm. Chem. Soc.
C.; Shul'pin, G. B.; Moreno, B.; Sabo-Etienne, S.; Chaudret,)BMol. 2004 126, 11658-11665.
Catal. A: Chem1995 98, L5—L8. (g) Chan, W.; Lau, C.; Chen, Y.; Fang, (11) Trzeciak, A. M.; Borak, B.; Ciunik, Z.; Ziolkowski, J. J.; Guedes
Y.; Ng, S.; Jia, GOrganometallics1997, 16, 34—44. (h) Feng, Y.; Lalil, da Silva, M. F. C.; Pombeiro, A. J. Eur. J. Inorg. Chem2004 7, 1411-
M.; Barakat, K. A.; Cundari, T. R.; Gunnoe, T. B.; Petersen, 1J.LAm. 1419.
Chem. Soc2005 127, 14174-14175. With Cu and Ru: (i) Singh, U. P; (12) For examples of transition metal-catalyzed reactions involving thiols,
Babbar, P.; Hassler, B.; Nishiyama, H.; BrunnerJHMol. Catal. A: Chem. see: (a) Kondo, T.; Mitsudo, TChem. Re. 200Q 100, 3205-3220. (b)
2002 185 33—39. With Ni: (j) Klaui, W.; Turkowski, B.; Rheinwald, G.; Togni, A., Grutzmacher, H., Eds. I@atalytic Heterofunctionalization:

Lang, H.Eur. J. Inorg. Chem2002 1, 205-209. With Ni and Pd: (k) From Hydroamination to HydrozirconatiohViley-VCH: Weinheim, 2001;
Santi, R.; Romano, A. M.; Sommazzi, A.; Grande, M.; Bianchini, C.; pp 289-251. (c) Alonso, F.; Beletskaya, I. P.; Yus, Bhem. Re. 2004
Mantovani, G.J. Mol. Catal. A: Chem2005 229 191-197. 104, 3079-3159.
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Rhodium Pyrazolylborate Complexes

which are valuable as synthetic intermediates in total syn#fesis
and as precursors to a wide range of functionalized moleétiles.
Although hydrothiolation with aryl thiols has been achieved in
radical® nucleophilict*s16and metal-catalyzééreactions, alkyl
thiols are typically unreactivE’® A selective method for the
formation of Z-linear vinyl sulfides emerged in 200%; yet
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and Wilkinson’s catalyst, CIRh(PBR,2° catalyze alkyne hy-
drothiolation with alkyl thiols. With both complexes, the

general methods for the stereo- and regiocontrolled synthesisyeactions proceeded with good-to-excellent regioselectivities and

of branched ané-linear alkyl vinyl sulfides remained elusive.
We postulated that rhodium pyrazolylborate complexes would
be sufficiently reactive to overcome this limitation.

Toward this goal, we recently disclosed that both Tp*Rh-
(PPh), (1)819[Tp* = hydrotris(3,5-dimethylpyrazolyl)borate]

(13) For examples of vinyl sulfides as intermediates in total synthesis,
see: (a) Bratz, M.; Bullock, W. H.; Overman, L. E.; TakemotoJTAm.
Chem. Soc1995 117, 5958-5966. (b) Mizuno, H.; Domon, K.; Masuya,
K.; Tanino, K.; Kuwajima, I.J. Org. Chem.1999 64, 2648-2656. (c)
Pearson, W. H.; Lee, I. Y.; Mi, Y.; Stoy, B. Org. Chem2004 69, 9109—
9122.

(14) For examples of vinyl sulfides as precursors to functionalized or
bioactive molecules, see: (a) Parham, W. E.; Blake, F. D.; Theissen, D. R.
J. Org. Chem1962 27, 2415-2419. (b) Trost, B. M.; Tanigawa, YJ.
Am. Chem. Sod 979 101, 4743-4745. (c) Trost, B. M.; Ornstein, P. L.
J. Org. Chem1982 47, 748-751. (d) Metzner, P.; Thuillier, A. Iisulfur
Reagents in Organic Synthestscademic Press: London, 1994. (e) Stiefel,
E. I, Matsumoto, K., Eds. Ifiransition Metal Sulfur Chemistry: Biological
and Industrial Significance ACS Symposium Series 653; American
Chemical Society: Washington, DC, 1996. (f) Roush, W. R.; Gwaltney, S.
L.; Cheng, J.; Scheidt, K. A.; McKerrow, J. H.; Hansell, E.Am. Chem.
S0c.1998 120 10994-10995. (g) Adrio, J.; Carretero, J. @.Am. Chem.
Soc.1999 121, 7411-7412. (h) Ferhadez, F.; Khiar, NChem. Re. 2003
103 3651-3705. (i) Mauleon, P.; Nunez, A. A.; Alonso, I.; Carretero, J.
C.Chem=—Eur. J.2003 9, 1511-1520. (j) Vedula, M. S.; Pulipaka, A. B.;
Venna, C.; Chintakunta, V. K.; Jinnapally, S.; Kattuboina, V. A.; Vallakati,
. K.; Basetti, V.; Akella, V.; Rajgopal, S.; Reka, A. K.; Teepireddy, S.
.; Mamnoor, P. R.; Rajagopalan, R.; Bulusu, G.; Khandelwal, A.; Upreti,
. V.; Mamidi, S. R.Eur. J. Med. Chem2003 38, 811-824. (k) Chen,

. S.; White, M. C.J. Am. Chem. So004 126, 1346-1347. (I) Farhat,

.; Zouev, |.; Marek, |Tetrahedron2004 60, 1329-1337. (m) Sharma,

. M.; Seshu, K. V. A.; Sekhar, V. C.; Madan, S.; Vishnu, B.; Babu, P.
. Krishna, C. V.; Sreenu, J.; Krishna, V. R.; Venkateswarlu, A.; Rajagopal,
S.; Ajaykumarb, R.; Kumarb, T. Bioorg. Med. Chem. Let004 14,
67—71. (n) Chumachenko, N.; Sampson, P.; Hunter, A. D.; ZellerQOkg.
Lett. 2005 7, 3203-3206. (0) Dubbaka, S. R.; Vogel, Rngew. Chem.,
Int. Ed. 2005 44, 7674-7684. (p) Ferhadez, F.; Gmez, M.; Jansat, S.;
Muller, G.; Martin, E.; Flores-Santos, L.; GaacP. X.; Acosta, A.; Aghmiz,
A.; Giménez-PedrpM.; Masdeu-Bultg A. M.; Diéguez, M.; Claver, C.;
Maestro, M. A.Organometallics2005 24, 3946-3956. (q) Gumireddy,
K.; Baker, S. J.; Cosenza, S. C.; Premila, J.; Kang, A. D.; Robell, K. A.
Proc. Nat. Acad. Sci2005 102, 1992-1997. (r) Gumireddy, K.; Reddy,
V. R.; Cosenza, S. C.; Boominathan, R.; Baker, S. J.; Papati@aNcer
Cell 2005 7, 275-286. (s) Kondoh, A.; Takami, K.; Yorimitsu, H.; Oshima,
K. J. Org. Chem2005 70, 6468-6473. (t) Marino, J. P.; Zou, NOrg.
Lett.2005 7, 1915-1917. (u) Strebhardt, K.; Ullrich, ANature Re. Cancer
2006 6, 321-330.

(15) Radical reactions: (a) Patai, S., Ed.Tlne Chemistry of the Thiol
Group, John Wiley & Sons, Ltd.: London, 1974; Vol. 2. (b) Ichinose, Y.;
Wakamatsu, K.; Nozaki, K.; Birbaum, J. L.; Oshima, K.; Utimoto,&hem.
Lett. 1987, 1647-1650.

(16) Nucleophilic reactions: (a) Truce, W. E.; Simms, JJAAmM. Chem.
Soc.1956 78, 2756-2759. (b) Truce, W.; Tichenor, G. J. \W.. Organomet.
Chem.1972 37, 2391-2396.

(17) Metal-catalyzed reactions: using Pd: (acBeaall, J. E.; Ericsson,

A. J. Org. Chem.1994 59, 5850-5851. Using Pd, Rh, Ni, and Pt: (b)
Kuniyasu, H.; Ogawa, A.; Sato, K. I.; Ryu, |.; Kambe, N.; SonodaJN.
Am. Chem. S0d.992 114, 5902-5903. Using Pd, Rh, and Pt: (c) Ogawa,
A.; lkeda, T.; Kimura, K.; Hirao, TJ. Am. Chem. S0d.999 121, 5108
5114. Using Rh and Ir: (d) Burling, S.; Field, L. D.; Messerle, B. A.; Vuong,
K. Q.; Turner, PJ. Chem. Soc., Dalton Trang003 21, 4181-4191. Using
Ru: (e) Koelle, U.; Rietmann, C.; Tjoe, J.; Wagner, T.; Englert, U.
Organometallics1995 14, 703-713. Using Mo, Cr, and W: (f) McDonald,
F. E.; Burova, S. A.; Huffman, L. GSynthesi200Q 7, 970-974. Using
Ni: (g) Han, L. B.; Zhang, C.; Yazawa, H.; ShimadaJSAm. Chem. Soc.
2004 126, 5080-5081. (h) Ananikov, V. P.; Malyshev, D. A.; Beletskaya,
I. P.; Aleksandrov, G. G.; Eremenko, |. Adv. Synth. Catal2005 347,
1993-2001. Using Pd and Ni: (i) Malyshev, D. A.; Scott, N. M.; Marion,
N.; Stevens, E. D.; Ananikov, V. P.; Beletskaya, I. P.; Nolan, S. P.
Organometallic2006 25, 4462-4470.

(18) Cao, C.; Fraser, L. R.; Love, J. A. Am. Chem. SoQ005 127,
17614-17615.

>P<MZI<XT

yields. Reactions using CIRh(P£% provided the E-linear
isomer preferentially, in agreement with Ogawa’s results using
aryl thiols!’ In comparison, reactions using Tp*Rh(RRh
generated the branched isomer with high select®fitptrigued
by the reversal of regioselectivity depending on anionic ligand
choice, we sought to evaluate a series of rhodium pyrazolylbo-
rate complexes for their activity in alkyne hydrothiolation. In
particular, we were interested in exploring ligand denticity, as
well as substitution of the pyrazolyl rings, as both the electron-
donating ability and flexible modes of coordination (i.e%
versusk3-coordination) contribute to the unique properties of
the tris(pyrazolyl)borate motif and thus can influence reactivity.
TpRRhLL' complexes [TR = substituted pyrazolylborate; L,
L' = ancillary ligands; Rh(I)] typically exist in an equilibrium
of up to four isomersA—D (Chart 1). Interconversion between

Chart 1. Isomers of Tris(pyrazolylborate) Rhodium
Complexes
—
— %
N—N
Z\N,N\B/H H\B/
\NN = N.//, o L \NN = N‘II: o L
5 \: \IN’Rh\L \: \IN’Rh\L
4 3
A B
H N Ha N />
\B/ ~ V. B/ N\
— N ""ﬂ N
\N‘\\. N<p> I
Nh, N’h “\\\‘L
N<y—Rh—L N<y—RISS|
<\ i N\ _!
L
c D

these species has been identified as crucial to the role of rhodium
pyrazolylborates in stoichiometric-@H activatiorf922 and is
therefore expected to play a significant role in catalytic reactions
involving bond activation. Isomews andB arex?, 16-electron,
square planar species; ison@ris a «3, 18-electron, trigonal
bipyramidal species; and isomBris a3, 18-electron, square
pyramidal species. Complexes witl-coordination typically
adopt trigonal bipyramidal geometry instead of square pyramidal
geometry, as the latter would have a pyrazolyl ring bound in
the apical position by an elongated RN bond, which is
considered unfavorabf8.The equilibrium is dictated by the
substitution pattern of the pyrazolyl rings (see isodeén Chart

(19) For a later use of Tp*RhLcomplexes in alkyne hydrothiolation,
see: Misumi, Y.; Seino, H.; Yasushi, M. Organomet. Chen2006 691,
3157-3164.

(20) Shoai, S.; Bichler, P.; Kang, B.; Buckley, H.; Love, J. A. In
preparation.

(21) For the first example of Pd-catalyzed hydrothiolation using alkyl
thiols, see: Ananikov, V. P.; Orlov, N. V.; Beletskaya, I. P.; Khrustalev,
V. N.; Antipin, M. Y.; Timofeeva, T. V.J. Am. Chem. SoQ007, 129,
7252-7253.

(22) Wiley, J. S.; Oldham, W. J.; Heinekey, D. Kirganometallic200Q
19, 1670-1676.

(23) Webster, C. E.; Hall, M. Blnorg. Chim. Acta2002 330, 268—
282.
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1 for numbering of the pyrazolyl ring) as well as the bulkiness
of the ancillary ligandsk?-Coordination (i.e., form# andB)

predominates for tris(pyrazolyl)borate complexes with bulky
substituents in the 3-position of the pyrazolyl rings and/or

Fraser et al.

determined?-2324,25¢.28,30&.1h.i,32,33|n comparison, few examples
of phosphine-containing rhodium tris(pyrazolyl)borate com-
plexes have been structurally characterizetPFi33.34 |n
2001, Connelly and co-workers reported the structure of Tp*Rh-
(PPh), in both solution and solid sta8? X-ray analysis shows
that Tp*Rh(PPB)2 adopts conformatioB in the solid state. The
IR spectrum showed a-BH stretching frequency of 2467 cry
consistent with«?-coordination of the tris(pyrazolyl)borate
ligand. Further evidence far binding was obtained frortH
and3P{1H} NMR spectroscopy. At room temperature, two sets
of signals were observed in thél NMR spectrum for the
pyrazolyl rings (2:1 ratio), indicating that two pyrazolyl rings

sterically bulky ancillary ligandsc*-Coordination (i.e., forms  are equivalent. In addition, t#éP NMR spectrum revealed that
C andD) predominates for tris(pyrazolyl)borate complexes with hoth phosphines are equivalent, as a single resonant 62,
smaller substituents on the pyrazolyl rings and/or less bulky d, Jrnp = 175 Hz) was observed at room temperature. The
ancillary ligands. In square planar complexes, the degree of coupling constant is typical of rhodium-phosphorus coupling.
substitution of the pyrazolyl rings dictates which forfnpr B, The two bound pyrazolyl rings, as well as the phosphines, are
is preferred. Complexes with substituents in the 3-position equivalent due to free rotation around the-B bond of the
typically exist in formA, whereas unsubstituted pyrazolylborates free pyrazolyl ring. At—80 °C, three signals were observed
or those with substitution in the 5-position typically exist in  for the pyrazolyl rings. Likewise, thi&P NMR spectrum at-80
form B.24 °C shows two doublets of doublet®: 42.30,Jrn-p = 179 Hz,

In addition, depending on the position and extent of substitu- Jo_p = 49 Hz andd 39.18,Jrnp = 173 Hz,Jp_p = 51 Hz,
tion of the pyrazolyl rings, rearrangement via a 1,2-borotropic indicating that the phosphines were no longer equivalent on the
shift can occur. This isomerization has been observed for a broadNMR time scale. Connelly suggested that the rotation of the
range of TFM complexes (Scheme 1). The borotropic shift free pyrazolyl ring is restricted at low temperature, resulting in

typically occurs for pyrazolylborates with 3- or 3,4-substitLAff
to reduce van der Waals repulsi$#-¢ Rearrangements in
octahedral metal complexes witf-bound tris(pyrazolyl)borate

inequivalence of the bound pyrazolyl rings and phosphines.

Connelly and co-workers also examined the solution structure
of TpRh(PPBR),.3%" No assignment could be made on the basis

ligands have been well documented for complexes of a number

of transition metals, including C&226Ti,2” Mo,2%" Ni,26 and
Fe26 In comparison, 1,2-borotropic shifts of square planar and
tetrahedral tris(pyrazolyl)borate complexes are less common
although examples involving complexes of RR28|r,25d zZn 28
Cd?8 and AP° have been reported.

The interconversion of these isomers, along with additional
fluxional processes, renders solution-phase assignment®f Tp
denticity challengingi-232425¢.d.30For example, the pyrazolyl
rings can undergo rapid exchange on the NMR time scale,

resulting in equivalence of these rings. Nevertheless, a combina-

tion of multinucleaf! and variable temperature NMR spectro-

(30) For solution phase studies of igenticity, see: (a) Bucher, U. E.;
Fassler, T. F.; Hunziker, M.; Nesper, R.;'Bager, H.; Venanzi, L. MGazz.
Chim. Ital. 1995 125 181-188. (b) Chauby, V.; Serra-Le Berre, C.; Kalck,
P.; Daran, J. C.; Commenges, lBorg. Chem.1996 35, 6534-6355. (c)
Akita, M.; Ohta, K.; Takahashi, Y.; Hikichi, S.; Moro-oka, Ydrganome-
tallics 1997 16, 4121-4128. (d) Oldham, W. J.; Heinekey, D. M.
Organometallics1997 16, 467—474. (e) Northcutt, T. O.; Lachicotte, R.
J.; Jones, W. DOrganometallics1998 17, 5148-5152. (f) Ohta, K;
Hashimoto, M.; Takahashi, Y.; Hikichi, S.; Akita, M.; Moro-oka, Y.
Organometallics1999 18, 3234-3240. (g) Akita, M.; Hashimoto, M.;
Hikichi, S.; Moro-oka, Y.Organometallics200Q 19, 3744-3747. (h)
Connelly, N. G.; Emslie, D. J. H.; Geiger, W. E.; Hayward, O. D.; Linehan,
E. B.; Orpen, A. G.; Quayle, M. J.; Rieger, P. Bl.Chem. Soc., Dalton
Trans.2001, 670-683. (i) Malbosc, F.; Chauby, V.; Serra-Le Berre, C.;

scopic experiments have allowed the solution-phase character-Etienne, M.; Daran, J. C.; Kalck, Eur. J. Inorg. Chen2001, 10, 2689~

ization of a number of TRRhLL' complexes$In addition, IR
stretching frequencies, particularly thgB—H) values, are
diagnostic ofc? and«?3 binding modeg#25¢.d:30c.Generally,v-
(B—H) < 2480 cn1! indicatesc? binding andv(B—H) > 2480
cm~1 indicatesk?® binding3%¢

Both solution and solid-state geometries of numerou® Tp
RhL, complexes where L is CO or olefin have been

(24) Ministro, E. D.; Renn, O.; Ruegger, H.; Venanzi, L. M.; Burckhardt,
U.; Gramlich, V.Inorg. Chim. Actal995 240, 631-639.

(25) For explanations on 1,2-borotropic shift, see: (a) Trofimenko, S.;
Calabrese, J. C.; Domaille, P. J.; Thompson, In8tg. Chem.1989 28,
1091-1101. (b) Cano, M.; Heras, J. V.; Jones, C. J.; McCleverty, J. A,;
Trofimenko, S.Polyhedron199Q 9, 619-621. (c) Bucher, U. E.; Currao,
A.; Nesper, R.; Ruegger, H.; Venanzi, L. M.; Younger,l&org. Chem.
1995 34, 66—74. (d) Albinati, A.; Bovens, M.; Ruegger, H.; Venanzi, L.
M. Inorg. Chem.1997, 36, 5991-5999.

(26) Calabrese, J. C.; Trofimenko, Biorg. Chem.1992 31, 4810~
4814.

(27) Rearrangements in octahedral titanium pyrazolylborate complexes:
(a) LeCloux, D. D.; Keyes, M. C.; Osawa, M.; Reynolds, V.; Tolman, W.
B. Inorg. Chem.1994 33, 6361-6368. (b) Murtuza, S.; Casagrande, O.
L.; Jordon, R. FOrganometallics2002 21, 1882-1890. (c) Biagini, P.;
Calderazzo, F.; Marchetti, F.; Romano, A. M.; SperaJSOrganomet.
Chem.2006 691, 4172-4180.

(28) Rheingold, A. L.; White, C. B.; Trofimenko, $org. Chem1993
32, 3471-3477.

(29) Looney, A.; Parkin, GPolyhedron199Q 9, 265-276.

2697

(31)B NMR spectroscopy is a technique that has been used to
determine the coordination geometry around the metal. It was found that
x2 complexes show resonances between-5.90 and—6.99 versusc?
complexes with resonances betwéen8.44 and—9.76 (see ref 30e). These
resonances appear to be independent of both solvent and charge on the
metal for group 9 and 10 metals (see ref 30e). Thus, there appears to be a
strong correlation between the boron chemical shift and the denticity of
the tris(pyrazolyl)borate ligand.

(32) Rhodium pyrazolylborate complexes with only CO or olefin as
ancillary ligands: (a) Cocivera, M.; Ferguson, G.; Laior, F. J.; Szczecinski,
P.Organometallics1982 1, 1139-1142. (b) Rheingold, A. L.; Ostrander,

R. L.; Haggerty, B. S.; Trofimenko, $nhorg. Chem1994 33, 3666-3676.

(c) Keyes, M. C.; Young, V. G.; Tolman, W. BOrganometallics1996

15, 4133-4140. (d) Sanz, D.; Maria, S.; Claramunt, R. M.; Cano, M.; Heras,
J. V.; Campo, J. A.; Ruiz, F. A; Pinilla, E.; Monge, A. Organomet.
Chem.1996 526, 341—350.

(33) Rhodium pyrazolylborate monophosphine complexes: (a) Malbosc,
F.; Kalck, P.; Daran, J. C.; Etienne, NI. Chem. Soc. Dalton Tran$999
271-272. (b) Herberhold, M.; Eibl, S.; Milius, W.; Wrackmeyer, B.
Anorg. Allg. Chem200Q 626, 552-555.

(34) Rhodium pyrazolylborate bisphosphine complexes: (a) Baena, M.
J.; Reyes, M. L.; Rey, L.; Carmona, E.; Nicasio, M. C/iré® P. J.;
Gutierrez, E.; Monge, Alnorg. Chim. Actal998 273 244—254. (b) Hill,

A. F.; White, A. J. P.; Williams, D. J.; Wilton-Ely, J. D. E. TOrgano-
metallics1998 17, 3152-3154. (c) Paneque, M.; Sirol, S.; Trujillo, M.;
Gutierrez-Puebla, E.; Monge, A.; CarmonaMagew. Chem., Int. E@00Q

39, 218-221. (d) Paneque, M.; Sirol, S.; Trujillo, M.; Carmona, E.;
Gutierrez-Puebla, E.; Monge, A.; Ruiz, C.; Malbosc, F.; Serra-Le Berre,
C.; Kalck, P.; Etienne, M.; Daran, J. ©hem=—Eur. J. 2001, 7, 3869~
3879.
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Chart 2. Rhodium Pyrazolylborate Complexes Table 1. Synthesis of Rhodium Pyrazolylborate Complexes
=N W W KX, THF

\ X bPh X bPh CIRh(PPhg); ~ —— XRh(PPhs),

, N 3 ; § 3 rt

N NN Ho NN o

R B R R B R

RS PP time  yield
\ \ y _
entry X complex (h)y (%) literature
1TP"RA(PPh3),] 2 [Bp"Rh(PPh3),] 1 Tp*  Tp*Rh(PPh)(1) 1 92 4890 66%
Ph Ph 2 Bp* Bp*Rh(PPh); (2) 24 87 80%

=N (/\n N (/\( 3 Tp TPRh(PPY: (3) 24 86 66%
QN NN, PPhs SN TR 4 TP TpPRh(PPh), (4) 24 83 -

H>B<N R H>B(N /"Rh-‘\ 5  TpPhMe TpPAMRh(PPR),(5) 24 58 -~

U PPhs @’]‘\ PPhg ajsolated yields? See ref 30h¢ See ref 29 See ref 34a¢ See ref 34b.
Ph fToluene used as solvent in place of THF.
3 [TpRh(PPh),] 4 [TpP"Rh(PPhs),]
Ph Ph
—N 7 ]
\ ‘q PPh;
N NN
H-By R
N PPhs
\ |
Ph

5 [TpPMMeRh(PPhj),]

of the ITH NMR spectrum, because of poor resolution even at
low temperature. Thé&'P NMR spectrum at room temperature
showed a broad doublet, indicating equivalency of the phos-
phines. Unlike with Tp*Rh(PP{),, the phosphines did not

become inequivalent at low temperature. Instead; 8 °C, Figure 1. ORTEP diagram of compleR. Thermal ellipsoids are

two doublets were observed, in apprOX|mateI)_/ equal a.moums'drawn at the 50% probability level. Hydrogen atoms, except for
These were attributed to the presence of two isomers, in formsthe B—H hydrogens, and phenyl groups of RRine excluded for

A and B. Further evidence fOI’ th|S aSSignment was Obtalned Clarity_ Se|ected bond |engths (A) and ang|es (deg) are given in
from the room-temperature IR spectrum, in which twe 8 Table 2 and crystallographic data is given in Table 3.

stretches were observedB—H) = 2414 cn1! and 2394 cm?]

in the typical range fok? binding. The solid-state structure was
not reported.

Given the significant influence of substituents on the geometry
of tris(pyrazolyl)borate-metal complexes, we sought to deter-
mine the solution and solid-state structures of a series of rhodium
complexes and to evaluate the influence of ligand structure on
catalytic activity in the hydrothiolation of alkynes. The com-
plexes selected for study are shown in Chaf{2B(3,5-Me,-
pz)s]~ = Tp¥e2 = Tp*; [H.B(3,5-Mepz)]~ = BpMe2 = Bp*;
[HB(pz)s]~ = Tp; [HB(3-Phpz)}]~ = Tp"" [HB(3-Ph-5-
Mepzy]~ = TpPhMg.

Figure 2. ORTEP diagram of comple®. Thermal ellipsoids are
drawn at the 50% probability level. Hydrogen atoms, except for
the B—H hydrogen, and phenyl groups of PRire excluded for
clarity. Selected bond lengths (A) and angles (deg) are given in
Table 2 and crystallographic data is given in Table 3.

Results and Discussion

Synthesis and Structure of Rhodium Pyrazolylborate
Complexes.Commercially available potassium tris(pyrazolyl)-
borate salts were used to prepare compldx&s 4, and5. The
potassium bis(pyrazolyl)borate salt used for the synthesis of cooling at—35 °C for approximately one week. The molecular
complex 2 was prepared by literature methodsKnown structures are shown in Figures-4, and selected bond lengths
complexesl,30h 2 34aand334b and new complexe$ and5 were and angles are presented in Table 2. All five solid-state structures
prepared by treating a solution of Wilkinson’s catalyst in THF clearly show«?-coordination of the Bp or TpR ligands, in
(toluene for complexs) with the appropriate potassium pyra- agreement with the spectral data reported for compléxes
zolylborate salt (KX, X= pyrazolylborate anion), at room and3**and the solid-state structure of complesh Complexes
temperature (Table 1). Upon workup, the corresponding rhodium 2—5 all have approximately square planar geometry, with the
pyrazolylborate complexes were obtained in good-to-excellent sum of the angles about the rhodium atom ranging from 359.65
yields. to 363.08. In each complex, the rhodium atom is bound to two

Of the known complexesl(3-30h2,34aand3345), only complex pyrazolyl rings, which form a six-membered ring chelate in a
1 has been characterized crystallographic#fiy" We were able boat conformation, as well as two triphenylphosphine ligands.
to obtain crystals 02—5 suitable for X-ray analysis by layering ~ The bond angles and distances 2et5 are comparable to those
a saturated toluene solution of each complex with hexanes andreported for complex.3o
As mentioned earlier, complexes bearing tris(pyrazolyl)borate
(35) Trofimenko, Sinorg. Synth.197Q 12, 99—-109. ligands with substituents in the 5-position of the pyrazolyl rings
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Figure 3. ORTEP diagram of comples. Thermal ellipsoids are
drawn at the 50% probability level. Hydrogen atoms, except for
the B—H hydrogen, and phenyl groups of RRire excluded for
clarity. Selected bond lengths (A) and angles (deg) are given in
Table 2 and crystallographic data is given in Table 3.

Figure 4. ORTEP diagram of comple%. Thermal ellipsoids are
drawn at the 50% probability level. Hydrogen atoms, except for
the B—H hydrogen, and phenyl groups of RRire excluded for
clarity. Selected bond lengths (A) and angles (deg) are given in
Table 2 and crystallographic data is given in Table 3.

Table 2. Selected Bond Lengths (&) and Angles (deg) for
Bp*Rh(PPh3); (2), TPRh(PPhy), (3), Tp*"Rh(PPhy), (4), and
TpPhMeRh(PPhy); (5)

2 3 4 5
Rh—N(1) 2.132(2)  2.1575(1) 2.1240(2)  2.100(2)
Rh—N(4) 2.092(2)  2.1111(1) 2.1000(2)  2.140(2)
Rh—P(1) 2.2202(7)  2.2299(4)  2.2429(6)  2.2683(7)
Rh—P(2) 2.2468(7)  2.2558(4) 2.2618(6)  2.2572(7)
N(1)-Rh—-N@4) 79.84(8)  83.37(5)  78.99(7)  77.49(8)
P(1-Rh—-P(2) 95.43(3)  93.60(2)  96.31(2)  94.15(3)
N(1)-Rh—-P(1) 164.16(6) 169.58(4) 167.28(5)  173.25(6)
N(1)-Rh-P(2) 92.91(6)  92.98(4)  9253(5)  92.42(6)
N(4)-Rh—-P(1) 92.93(6)  91.52(3)  91.82(5)  96.18(6)
N(4)-Rh—-P(2) 170.88(6)  169.18(4) 171.38(5)  167.66(6)

typically favor formB. The X-ray structures for complex@&"
and3-5 are consistent with this trend. Complexeand5 exist

in form B with the uncoordinated pyrazolyl ring pseudo parallel
to the rhodium square plane. Complex3@and 4, which lack
substituents at the 5-position, are in foAnwith the uncoor-
dinated pyrazolyl ring perpendicular to the rhodium square
plane.

Fraser et al.

Complexesl—5 were also characterized by variable temper-
ature ™H and 3'P{'H} NMR spectroscopy, as well as IR
spectroscopy. The spectroscopic data of complgX@and334P
are consistent with literature repoffsAt room temperature,
our spectral data for complet matches that reported by
Connelly. At low temperature, however, Connelly reported two
doublets of doublets in theP NMR spectrum and three distinct
pyrazole resonances in thel NMR spectrum at—80 °C.30h
This data indicates that the pyrazole rings and phosphines are
inequivalent at this temperature, presumably due to hindered
rotation of the unbound pyrazole group. In comparison, we
observe two broad doubletd 44.17, d,Jrn-p = 186) and §
41.22, d,Jrp-p = 185) in the3P{1H} NMR spectrum and a
2:1 ratio of pyrazole signals in thié1 NMR spectrum at-85
°C (Table 4). Presumably, in our study, rotation of the unbound
pyrazolyl ring is slow but sufficiently rapid to render the two
bound pyrazole rings equivalent on theé NMR time scale.

The spectroscopic data of new complex¢sand 5 are
presented in Table 4. The NMR spectra of compleobtained
at both room temperature areB5 °C indicatex2-coordination
of the pyrazolylborate ligand, consistent with the X-ray structure.
The 'H NMR spectra at both room temperature ané5 °C
exhibits two pyrazole signals in a 2:1 ratio, and fAe{H}
NMR spectrum shows a doublet at both room temperatdire (
46.89, d,JRh_p =178 HZ) and at-85°C ((3 46.69, d,JRh_p =
176 Hz). This data is consistent with free rotation of the free
pyrazolyl ring, even at low temperature. From the spectroscopic
and X-ray data for comple# there is no sign of a 1,2-borotopic
shift, which has been observed with pyrazolylborate complexes
with substitution only at the 3-position of the pyrazolyl rings.

The 'H NMR spectrum of compleX at room temperature
shows a 2:1 ratio of pyrazole signals, which is indicative of
«?-coordination, in agreement with the X-ray data.-A85 °C,
all of the pyrazolyl rings are inequivalent, suggesting restricted
rotation about the BN bond of the unbound pyrazolyl ring.
The 3P{1H} NMR spectrum at room temperature is more
complicated. The spectrum shows a doubled d@8.12 (rn-p
= 182 Hz) and a multiplet ab 43.44-39.33, in a 1:5 ratid’

The VT-P{1H} NMR spectra are shown in Figure 5, and the
chemical shifts are summarized in Table 5. As the temperature
is decreased te-85 °C, the doubletd 48.12Jgp—p = 182 Hz)
disappears and the multiplet resolves into two doublets of
doublets ¢ 42.60Jrn—p = 178,Jp—p = 50 Hz; 6 39.42Jgrn-p

= 172 Hz,Jp-p = 51 Hz). This data could indicate that two
species are present at room temperature, whereas one predomi-
nates at lower temperature. Alternatively, both species could
be present at low temperature, if the peaks corresponding to
the minor isomer are becoming broadened due to restricted
rotation. The latter explanation seems more likely, as we do
not observe coalescence of the two sets of peaks at lower
temperatures. As the temperature is raised, the doublet observed
at room-temperature remains unchanged, whereas the multiplet
coalesces into a doubl&.The data for the major isomer is
consistent with free rotation of the unbound pyrazolyl ring at
elevated temperatures and restricted rotation just under room
temperature. The two species could be fodnandB, or one
could be the result of a 1,2-borotropic shift.

(36) For complex3 our data is consistent with that reported by Connelly
and coworkers (see ref 30h) but differs from the previously reported assigned
spectra by Hill and coworkers (see ref 34b).

(37) The room temperatuféP{!H} NMR spectrum irds-toluene is more
convoluted than in CBECly.

(38) At elevated temperatures (100) complex5 decomposes, presum-
ably to a rhodium hydrido species, as evidenced by the appearance of a
hydride peak in théH NMR.
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Table 3. Crystallographic Data for Bp*Rh(PPhs), (2), TpRh(PPh), (3), TpP'Rh(PPhs), (4), and TpP"MeRh(PPh), (5)

2 3 4 5

empirical formula Q6H4GBN4P2Rh. C45H4oBN5P2Rh. C63H528N6P2Rh. C65H5gBN6P2Rh.

H,CeH14.12C7Hg C7Hs CsHi CeHus
formula weight 919.68 932.62 1140.91 1197.02
crystal color, habit orange, prism red, irregular orange, irregular red, irregular
crystal system monoclinic triclinic monoclinic monoclinic
space group P2:/c (No. 14) P1 (No. 2) P2:/n (No. 14) P2:/n (No. 14)
crystal dimensions (m# 0.25x 0.25x 0.40 0.20x 0.20x 0.10 0.035x 0.10x 0.20 0.05x 0.12x 0.25
a(A) a=11.168(1) 12.2490(9) 17.4909(9) 14.9000(5)
b (R) b=17.004(2) 13.637(1) 18.524(1) 14.8303(5)
c(A) c=24.853(2) 14.971(1) 18.517(1) 29.460(1)
o (deg) o =90.0 112.004(3) 90.0 90.0
B (deg) B =98.470(6) 98.051(3) 107.914(5) 92.260(2)
y (deg) y =90.0 90.387(3) 90.0 90.0
Volume (A3) 4667.9(8) 2291.0(3) 5708.7(5) 6504.8(4)
z 4 2 4 4
F(000) 1920.00 964.00 2376.00 2504.00
Deaica (g/cnP) 1.309 1.352 1.327 1.222
u(Mo Ka) (cm™?) 4.74 4.86 4.03 3.57
(Mo Ko (A) 0.71073 0.71073 0.71073 0.71073
temp (K) 173 173 173 173
6 range (deg) 1.4628.22 1.48-27.89 1.64-27.98 1.56-25.05
20max (deg) 56.4 55.8 56.0 50.1
reflections collected 50326 77370 60965 49830
Independent 11268 (0.052) 10812 (0.042) 13758 (0.044) 11499 (0.052)
reflections Rint)
max, min transmission 0.888, 0.802 0.953, 0.858 0.986, 0.839 0.982,0.842
no. of variables 573 603 701 692
goodness of fit orr2 1.02 1.11 1.02 0.99

final Ry indices
[onF, 1 > 20(1)]
wR2 indices

(onF,, all data)

0.039 (8528 reflections)

0.098

0.027 (9032 reflections)

0.064

0.094

0.037 (10811 reflections)

0.037 (8482 reflections)

0.090

Table 4. H, 31P{*H} NMR and IR Spectroscopic Data for Rhodium Pyrazolylborate Complexes

temp IH NMR 31P{1H} NMR IR/cm™ty(BH)°
Tp*Rh(PPhs),, 1
25°C 7.6-6.9 (m, 30H, P(@Hs)3), 5.81 (s, 1H, pz H), 5.27 (s, 2H, pz H), 43.78 (d,Jrn-—p = 175 Hz) 2447
2.35 (s, 3H, CH), 2.27 (s, 6H, CH), 2.26 (s, 3H, CH),
1.79 (s, 6H, CH)
—85°C 7.7-6.7 (m, 30H, P(@Hs)3), 5.80 (s, 1H, pz H), 44.17 (br d Jrh—p = 186 Hz),
5.24 (br's, 2H, pz H), 4.35 (br s, 1H, BH), 2.51 (br s, 3H,4H 41.22 (br dJrn—p = 185 Hz)
2.28 (s, 6H, CH), 2.22 (br s, 6H, Ch), 1.39 (br s, 3H, Ch)
TpP'Rh(PPhy),, 4
25°C 8.26 (s, 1H, pz H), 7.97 (m, pzBs), 7.43 (s, 2H, pz H), 46.89 (d,Jrn-p = 178 Hz) 2426
7.4—6.9 (m, 45H, PP+ pz GHs), 6.83 (s, 1H, pz H),
5.75 (s, 2H, pz H)
—85°C 8.25 (s, 1H, pz H), 7.91 (m, pzBs), 7.37 (s, 2H, pz H), 46.69 (d,Jrn-p = 176 Hz)
7.4-6.9 (m, 45H, PPh+ pz GsHs), 6.81 (s, 1H, pz H),
5.73 (s, 2H, pz H)
TpPhMeRh(PPhg),, 5
25°C 8.27 (dJ=8.8 Hz, 4H, pz GHs), 7.77 (d,J = 7.3 Hz, MIN 48.12 (d,Jrn-p = 182 Hz); 2463
2H, pz GHs), 7.6-6.8 (m, 45H, PPt pz GsHs), 6.40 MAJ 43.44-39.33 (m)
(s, 1H, pz H), 6.36 (s, 2H, pz H), 5.81 (s, 1H, BH),
2.51 (s, 6H, CH), 2.14 (s, 3H, Ch)
—85°C 8.24 (dJ= 7.3 Hz, 2H, pz GHs), 7.76 (d,J = 7.3 Hz, MAJ 42.60 (dd Jrn-p = 178 Hz

2H, pz GHs), 7.6-6.8 (m, 45H, PPk+ pz GsHs),

6.38 (s, 1H, pz H), 6.03 (s, 1H, pz H), 5.74 (s, 1H, BH),
5.58 (s, 1H, pz H), 2.47 (s, 3H, GH 2.46 (s, 3H, CH)),
2.04 (s, 3H,CH)

aChemical shift §) in ppm. Spectra taken in GBl,. ® KBr pellet.
Structural assignments based on X-ray and spectroscopicselectivity in catalytic hydrothiolation. A series of thiols and

analyses are s

exist in the bidentate? form, which is supported by NMR and
IR spectroscopy. Complexdsand5 are present in fornB in

the solid state

ummarized in Table 6. Compleixasd3—5 all

and complex8sand4 are present in fornA\.

Jp-p =50 Hz), 39.42
(dd,JRh—p =172 Hz,Jp-p =51 HZ)

alkynes with varying degrees of functionality and steric bulk,
were chosen for study (Chart 3).

Our exploration began using benzylthié) @nd phenylacety-
lene (LO) (Table 7). All reactions were carried out at room

This is consistent with literature reports that substituents in the temperature, using 3 mol % of catalyst in a 1:1 mixture of 1,2-
5-position of the pyrazolyl ring increases the predominance of dichloroethane (DCE) and toluene. After 2 h, complegave
a mixture of branchedl@éa) andE-linear (L4b) products in 93%

form B.2*
Comparison

Catalytic Alkyne Hydrothiolation. With complexesl—5 in

of Rhodium Pyrazolylborate Complexes in

yield and 16:1 selectivity (Table 7, entry 1). In comparison,
complexes2—5 were all less efficient and provided lower

hand, we were now ready to compare their reactivity and selectivity. Higher yields were obtained with substituted tris-
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Table 5. Variable Temperature 3P NMR Spectroscopic Data for Complex 5

temperature 31P{1H} NMR chemical shifts
298 K MIN 6 48.12 (d Jrn—p= 182 Hz); MAJS 43.44-39.33 (m)
273K MIN 6 48.15 (d Jrn-p= 180 Hz); MAJO 44.00-42.34 (m)
253 K MIN 6 48.19 (d,Jrn—p= 180 Hz); MAJJS 43.14 (dd Jrp—p= 180,Jp-p = 51 Hz),
0 39.56 (dd Jrh-p = 174 Hz,Jp_p = 51 Hz)
233K MIN 6 48.23 (d,Jrn-p= 180 Hz); MAJO 42.99 (dd Jrn-p= 180,Jp_p = 50 Hz),
0 39.51 (dd Jrn—p = 172 Hz,Jp_p = 50 Hz)
213K MIN 6 48.28 (d,Jrn-p= 182 Hz); MAJS 43.83 (dd Jrn_p= 180,Jp_p = 50 Hz),
039.47 (dd,JRhfp =174 Hz,Jp-p = 50 HZ)
188 K MAJ 6 42.60 (dd Jrn-p= 180,Jp—p = 52 Hz),0 39.42 (dd Jrn—p = 174 Hz,Jp_p = 52 Hz)
Chart 3. Thiols and Alkynes
2898 K Thi
iols
PhCH,SH CF3CH,SH
6 7
273K pro~SH  [—sH
8 9
Alkynes
283 K
Ph——= MeOO{
10 11

233K { >—: n-CeHyz——=—=

12 13

Table 7. Hydrothiolation of Phenylacetylene with
Benzylthiol Catalyzed by Complexes 5

Ph"SH
213K
6 A~
" ll “ JLL‘ SRR gen L sien, PP
ph_— DCEPhCH3 (1:1)  Ph S._-Ph
10 rt 14a 14b 14c
entry? complex time (h) product ratio, yield
188 K 1 Tp*Rh(PPh), 2 14a:14b(16:1), 93%
R 2 Bp*Rh(PPh); 2 14a:14b(5:1), 55%
' 3 TpRh(PPE), 24 146 7%
52 80 a8 a8 a2 e 4 TPP"Rh(PPh), 2 14a:14b(11:1), 87%
Chemical Shitt (ppm) 5 TpPhMRh(PPh), 2 14a:14b(6:1), 78%
Figure 5. Variable temperaturéP NMR spectra for comple% aReactions conducted with 3 mol% catalyst, 1.1 equiv thiol, 1.0 equiv
observed in CECl, at 162 MHz. alkyne.b Yields based ofH NMR spectroscopy using 1,3,5-trimethoxy-
) o benzene as an internal standérébout 5-10% of an unidentified
Table 6. Solid-State Structure Forms and/or Denticity of byproduct was observedPercent conversion with respect to benzylthiol.
Complexes 1 and 3-5
complex X-ray structure NMR (denticity) IR (denticity)
1 B (ref 2j, 30h) KE (ref 2], 30h) Ki (ref 30h) The results presented in Tables 7 and 8 indicate that both
2 2 iz(re‘( 30h) iz (ref 30h) ligand denticity and substitution of the pyrazolyl rings play a
5 B 2 2 role in reaction efficiency and selectivity, as rhodium complexes
bearing substituted tris(pyrazolyl)borate ligands are superior to
(pyrazolyl)borate complexek 4, and5 than with complexeg those with either a bis(pyrazolyl)borate ligand or unsubstituted

or 3. In fact, complex3 was ineffective as a catalyst, producing  tris(pyrazolyl)borate ligand. We sought to further compare
the Z-linear product {49 in low yield after extended reaction complexesl, 4, ands, which contain substituted tris(pyrazolyl)-

time. From this data, it appears that substitution at the 3-position jy,5e ligands (Table 9). The reaction of 2-phenoxyethanethiol
%‘dot?en?g“tg ?fl t?s I|gt§1r]d to achieve®-coordination are with phenylacetylene proceeded in high yield and selectivity
'mpora r catalytic activity. with all three complexes, with the branched isomer being the

The reaction of 2,2,2-trifluoroethanethiol)(with pheny- . . . . .
lacetylene {0) using complexesl—5 was used for further exclusive product (entry 3). With a sterically hindered thiol,

comparison (Table 8). Again, the highest yields were obtained COMPlex 5 provided the best yields (entries 4 and 5). With
for complexed, 4, and5. Likewise, better selectivity is obtained ~ 1-ethynylcyclohexene (entry 5), all complexes showed complete
with tris(pyrazolyl)borate complexes than with the bis(pyra- Selectivity for the alkyne over the alkene, as expeéted.
zolyl)borate complex, although the selectivity using 2,2,2- Complexesl and5 performed comparably for the reaction of
trifluoroethanethiol is lower than with benzylthiol. a terminal aliphatic alkyne with benzylthiol, whereas the yield
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Table 8. Hydrothiolation of Phenylacetylene with state and in solution, using variable temperafiteNMR and
2,2,2-Trifluoroethanethiol Catalyzed by Complexes +5 31Pf1H} NMR spectroscopy, as well as IR spectroscopy. All
F3C7SH complexes show?-coordination in the solid state. Complexes
T __XROPPhg) - S$TCFg o\ S CF3 Ph™Y) 121300 and 5, which have substituents at the 5-position of the
pp—= DCEPnCH3(1:1) P S~ -CFs pyrazolyl rings, exist in fornB, whereas complexe® and 4,
10 : 15a 15b 15¢ which lack substituents at the 5-position, exist in foAmThe
entry? complex time (h) product ratio, yield solutio|r|1-pha(1jse speptroscopic data also indg)(lya&gmo:djnation, .
" : : 3 as well as dynamic processes, presumably involving rotation
% gg*ﬁﬂgﬁﬁgi § }ggigggﬂ Sgﬂfg about the B-N bond of the unbound pyrazolyl ring. In catalytic
3 TpRh(PPH)2 48 15b:15¢(1:3), 14% hydrothiolation, complexes with substituted tris(pyrazolyl)borate
4 TP"Rh(PPh), 2 15a:15b(4:1), 64964 ligands gave better yields and selectivities than the substituted
5 TP Rh(PPR), 2 15a:15b(3:1), 8496 bis(pyrazolyl)borate complex, suggesting that the ability to adopt

aReactions conducted with 3 mol% catalyst, 1.1 equiv thiol, 1.0 equiv «3-coordination is crucial for catalysis. In addition, complexes
alkyne. Yields based oftH NMR spectroscopy using 1,3,5-trimethoxy-  with substituted pyrazolyl rings outperformed those without

benzene as an internal standarbout 5% of an unidentified byproduct g nstitution. Furthermore, complexes with substitution in the
was also observed.Dimerization of phenylacetylene dimer also observed

(~5%). 3- and 5-positions of the pyrazolyl ring were better than the
complex with substitution at only the 3-position. Mechanistic
Table 9. Substrate Scope of Alkyne Hydrothiolation investigations into catalytic hydrothiolation are currently un-
Catalyzed by Complexes 1,14, and 5 derway and are expected to reveal further information about
RSH + Rl—= 3022';/;’?:()":";)'12 R>: . R%SR the role of denticity and pyrazolylborate substitution.
6-9 10-13 RS
14a-19a 14b, 15b . .
Experimental Section
Entry  Thiol Alkyne Ratio, Yield® Ratio, Yield® Ratio, Yield?
1.1 equiv. 1.0 equiv. Complex1  Complex4 Complex 5 General Procedures Manipulation of inorganic compounds was
] - - performed using standard Schlenk techniques in a nitrogen-filled
1° PhCH,SH Ph—= 1?13'5';11? 1?131';11?) 14@}:;"’ MBraun or Vacuum Atmospheres drybox & 2 ppm). NMR
6 10 93% 87% 78% spectra were recorded on Bruker Avance 300 MHz or Bruker
Avance 400 MHz spectrometerfdd, 13C{'H}, and3P{*H} NMR
D CF4CH,SH Ph—— 15(;51;% 15(351)5*) 15(;5})% spectra are reported in parts per million and were referenced to
7 10 65% 64% 84% residual solvent. Coupling constant values were extracted assuming
first-order coupling. The multiplicities are abbreviated as follows:
s pro~—SHMeo < > —  16a 16a 16a s = singlet, d= doublet, g= quartet, m= multiplet, br d= broad
>95% >95% >95% doublet, and dd= doublet of doublets’’P{1H} NMR spectra were
8 " referenced to an external 85%gP0, standard. All spectra were
obtained at 25C, unless otherwise stated. GC spectra were recorded
4b QSH MeOO—: o 1 T on a Varian CP-3800 or an HP 5890 Series Il gas chromatograph.
0 " Mass spectra were recorded on a Kratos MS-50 mass spectrometer.

MALDI specta were recorded on a Bruker biflex IV mass

504 E}SH OE 18a 18a 18a spectrometer. _
56% 60% 80% Materials and Methods. Pentane, hexanes, dichloromethane,
1,2-dichloroethane, THF, and toluene were dried by passage through
solvent purification column4? CD,Cl, was purchased in 1 g
6  PhCHSH  n-CeHiz—= 192 192 19a ampules and used without further purification. Compoudel0
6 3 >95% % >95% and12were obtained from commercial sources and were degassed
by freeze-pump-thaw before being brought into the drybox.
2Yields based oAH NMR spectroscopy using 1,3,5-trimethoxybenzene  Compoundd.1and13were also obtained from commercial sources
as an internal standarflAn unidentified product was found in10% yield and were distilled owe4 A molecular sieves and were degassed
for entries 1, 2, and 5 biH NMR spectroscopy: Contained<5% yield by freeze-pump-thaw before being brought into the drybox
of the E-linear phenylacetylene dimetYield after 3 h. o | ’
Wilkinson's catalyst [CIRh(PPJs] was purchased from Strem
Chemicals and was used without further purification. Spectroscopic
data for known organics14a!® 14b,* 14¢22 15h2° 1648 and
19a'® were consistent with literature values.

with complex4 was considerably lowe?f. Overall, complexes
1 and5 are superior to comple, suggesting that substitution

at both the 3- and 5-positions of the pyrazolyl ring are important .
e L . Synthesis of [Tp*Rh(PPh),] (1). In the glove box, CIRh(PR
for reactivity and selectivity. It is noteworthy that these two (202 mg, 0.22 mmol) was weighed into a 20 mL vial equipped

complexes that exist in forrB in the solid state and are the | i o Teflon stir bar. KTp* (74 mg, 0.22 mmol) and THF (4 mL)
best catalysts. were then added sequentially. The vial was covered with a plastic
cap and the solution was stirred at room temperature. The solution
Conclusions changed color from maroon to orange within 10 min. After stirring
) ) ) for 1 h, the volatiles were removed under reduced pressure. The
We have prepared a series of bis and tns(pyrazolyl)borate residue was dissolved in toluene (2 mL) and was layered with
complexes to explore the structural features responsible for hexanes (8 mL). The solution was cooled+85 °C; after 7 days,
catalytic activity in alkyne hydrothiolation reactions using alkyl orange crystals formed. The solution was decanted, and the crystals
thiols. The rhodium complexes were characterized in the solid

(40) Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.;
(39) Alkyl vinyl sulfide 19a isomerizes to the internal olefin over  Timmers, F. JOrganometallics1996 15, 1518-1520.

prolonged exposure to the catalyst (see ref 18). However, at short reaction  (41) Zheng, Y.; Du, X.; Bao, WTetrahedron Lett2006 47, 1217

times, the 1,1-disubstituted alkene can be obtained selectively. 1220.
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were washed with 4« 5 mL of hexanes. The product was dried pressure. The residue was dissolved in toluene (2 mL) and was
under reduced pressure to give 187 mg (92%) of an orange layered with hexanes (8 mL). The solution was cooled&-85 °C;
crystalline solid. Room temperatulid and3'P{*H} NMR data, as after 7 days, orange crystals formed. The solution was decanted
well as IR data, were consistent with literature rep&fd¥! Low- and the crystals were washed with>d 5 mL of hexanes. The
temperature NMR indicates equivalence of two pyrazoles, whereasproduct was dried under reduced pressure to give 70 mg (58%) of
Connelly reports the inequivalence of all three pyrazoles (see an orange crystalline solidiH NMR (CD.Cl,, 400 MHz) at 25°C:
Results and Discussion section). 8.27 (d,J = 8.8 Hz, 4H, pz GHs), 7.77 (d,J = 7.3 Hz, 2H, pz
Synthesis of [Bp*Rh(PPh),] (2). In the glove box, CIRh(PRJ, CeHs), 7.6-6.8 (m, 45H, PPh+ pz GHs), 6.40 (s, 1H, pz H),
(103 mg, 0.11 mmol) was weighed into a 20 mL vial equipped 6-36 (s, 2H, pz H), 5.81 (s, 1H, BH), 2.51 (s, 6H, §}2.14 (s,
with a Teflon stir bar. KBp* (39 mg, 0.16 mmol) and THF (2 mL) 3H, Ch); at—85°C: 8.24 (d,J = 7.3 Hz, 2H, pz GHs), 7.76 (d,
were then added sequentially. The vial was covered with a plasticJ = 7-3 Hz, 2H, pz @Hs), 7.6-6.8 (m, 45H, PPh+ pz GHs),
cap and the solution was stirred at room temperature. The solution6-38 (s, 1H, pz H), 6.03 (s, 1H, pz H), 5.74 (s, 1H, BH), 5.58 (s,
changed color from maroon to orange within 10 min. After stirring  1H. pz H), 2.47 (s, 3H, C}, 2.46 (s, 3H, CH), 2.04 (s, 3H, Ch).
for 24 h, the volatiles were removed under reduced pressure. The® P{*H} NMR (CD;Cl,, 162 MHz) at 25°C: 48.12 (d.Jrn-p =
residue was dissolved in toluene (2 mL) and was layered with 182 Hz), 43.44-39.33 (m); at—85 °C: 42.60 (ddJrn-p = 178
hexanes (8 mL). The solution was cooled85 °C; after 7 days ~ HZ: Je-p = 50 Hz), 39.42 (ddJrn-p = 172 Hz,Jp_p = 51 Hz). IR
orange crystals formed. The solution was decanted and the crystaldKBr Pellet) at 25°C: 2463 p(B—H)] cm™. LRMS (EI) vz calcd
were washed with 4« 5 mL of hexanes. The product was dried for CesHssBNeP:Rh: 1110.33; found: 262 (PRhCyeH1sP), 848
under reduced pressure to give 80 mg (87%) of an orange crystallinelTP”"®Rh(PPR), CsgHsaBNsPR]. HRMS (El) vz calcd for

solid.1H and3¥P{1H} NMR data, as well as IR data, were consistent TP~ RN(PPh), CsgHssBNsPRh: 848.2435; found: 848.2429.
with literature valueda MALDI vz caled for GeHssBNgP,Rh: 1110; found: 848.6. Anal.

Synthesis of [TpRh(PPh);] (3). In the glove box, CIRh(PRJL ga';:f g ﬁﬁ“;fz'f‘fﬁ 2'-‘;“3;7& C, 71.36; H, 5.26; N, 7.57; found:
(200 mg, 0.22 mmol) was weighed into a 20 mL vial equipped = =7 0 T T e ] ]
with a Teflon stir bar. KTp (80 mg, 0.32 mmol) and THF (3 mL)  General Experimental Procedure for Catalytic Hydrothiola-
were then added sequentially. The vial was covered with a plastic fion- TP*Rh(PPR); (9 mg, 0.01 mmol, 3 mol %), 1,3,5-trimethoxy-
cap and the solution was stirred at room temperature. The solutionPenzene (17 mg, 0.10 mmol, 0.33 equiv.), toluene (Z2pand
changed color from maroon to orange within 10 min. After stirring  1,2-dichloroethane (12bL) were combined in the glove box in a
for 24 h, the volatiles were removed under reduced pressure. The® ML vial equipped with a magnetic stir bar and a screw cap. 2,2,2-
residue was dissolved in toluene (2 mL) and was layered with Tfifluoroethanethiol (3QuL, 0.34 mmol, 1.1 equiv) and pheny-
hexanes (8 mL). The solution was cooled+85 °C; after 12 days lacetylene (34cL, 0.31 mmol, 1.0 equiv) were added sequentially.
orange crystals formed. The solution was decanted and the crystals' "€ Vial was capped and was removed from the glovebox. The

were washed with 4« 5 mL of hexanes. The product was dried vial was then wrapped in foil and the solution was stirred at room
under reduced pressure to give 155 mg (86%) of an orange {emperature for 2 h. The solution was concentrated under vacuum.

crystalline solid.!H and3!P{*H} NMR data, as well as IR data,  'ne residue was dissolved inl mL of CDCk and the resulting

are tabulated in Table 4H and3!P{1H} NMR data, as well as IR solution was analyzed b{H NMR spectroscopy. The yield was
data. were consistent with literature valdés. determined to be 65%, based using 1,3,5-trimethoxybenzene as an

. internal standard. The solution was then transferred to a 20 mL
Synthesis of [TF"Rh(PP 4). In the glove box, CIRh(P . o A
(103/ mg, 0.11 [mF:;ol) (Wasm?:/]e(ig)hed intc? a 20 mL vial (eq%%)ped vial and petroleum ether (boiling range-360 °C) was added to

. . N precipitate the rhodium complex. The solution was filtered through
with a Teflon stir bar. KTﬁ. (84 mg, O'.17 mmol) and TH'.: (2mL) ._silica gel and the resulting solution was concentrated under vacuum.
were then added sequentially. The vial was covered with a plastic i~ 0
cap and the solution was stirred at room temperature. The solution Flash chrom.atography (SHOLO% ethyj acetate/petroleum ether as

L o - eluant) provided the product. Analytical data was consistent with
changed color from maroon to orange within 10 min. After stirring

for 24 h, the volatiles were removed under reduced pressure. Thespectrosco_plc data. . ]

residue was dissolved in toluene (2 mL) and was layered with _(2:2,2-Trifluoroethyl)(1-phenylvinyl)sulfane (15a):light-yellow
hexanes (8 mL). The solution was cooled85 °C: after 7 days, oil; 10% ethyl acetate/petroleum ether used as eluant for flash
orange crystals formed. The solution was decanted and the crystali€hromatography:H NMR (CDCl;, 300 MHz): 6 7.52-7.34 (m,
were washed with 4 5 mL of hexanes. The product was dried °H): 5-58 (S, 1H), 5.52 (s, 1H), 3.08 (g, 28i= 9.7 Hz).*C{*H}
under reduced pressure to give 96 mg (83%) of an orange crystallineNMR (CDCl, 400 MHz): 0 134.0, 129.5, 129.2, 128.9, 128.8,
solid. 1H NMR (CDzClz, 400 MHZ) at 25°C: 8.26 (S, 1H, pz H), 127.9,117.6, 38.6. HRMS (EI’WZC&'Cd for GoHoSFs: 218.0377;
7.97 (M, pz GHs), 7.43 (s, 2H, pz H), 746.9 (m, 45H, PPp+  found: 218.0373.

pz GHs), 6.83 (s, 1H, pz H), 5.75 (s, 2H, pz H); a85°C: 8.25 (2)-(2,2,2-Trifluoroethyl)(2-phenylvinyl)sulfane (15c): light-
(s, 1H, pz H), 7.91 (m, pz &), 7.37 (s, 2H, pz H), 746.9 (m, yellow oil. *H NMR (CDCl;, 400 MHz): 6 7.46-7.29 (m, 5H),
45H, PPR + pz GHs), 6.81 (s, 1H, pz H), 5.73 (s, 2H, pz H).  6.53 (d, 1HJ = 10.7 Hz), 6.19 (d, 1HJ) = 10.7 Hz), 3.33 (g, 2H,

31P{1H} NMR (CD,Cl,, 162 MHz) at 25°C: 46.89 (d,Jrnp = J =10.7 Hz).B*C{*H} NMR (CDCls, 400 MHz): 6 136.4, 136.2,
178 Hz); at—85 °C: 46.69 (d,Jrnp = 176 Hz). IR (KBr Pellet) 132.1, 128.9, 128.6, 128.2, 127.6, 37.7. HRMS (il calcd for

at 25°C: 2426 p(B—H)] cm~L LRMS (EI) m/z calcd for GaHso- CiHoSFs: 218.0377; found: 218.0384.

BNgP,Rh: 1068.29; found: 262 (PRhCigH;sP), 806 [TF"Rh- Cyclopentyl(1-(4-methoxyphenyl)vinyl)sulfane (17a)prange
(PPh), Cy4sH37BNgPRh]. HRMS (El)m/z calcd for TF"Rh(PPh), oil; 10% ethyl acetate/petroleum ether used as eluant for flash
C4sH37BNgPRh: 806.1965; found: 806.1951. MALDWz calcd chromatography!H NMR (CDCl;, 300 MHz): 6 7.59 (d, H, J

for CesHsBNgP,Rh: 1068; found: 1068. = 9.0 Hz), 6.95 (d, 2HJ = 9.0 Hz), 5.50 (s, 1H), 5.26 (s, 1H),

Synthesis of [TF"MeRh(PPhe),] (5). In the glove box, CIRh-  3.87 (s, 3H), 3.43 (m, 1H), 2.10 (m, 2H), 1.68 (m, 6FC{'H}
equipped with a Teflon stir bar. KPpMe(87 mg, 0.17 mmol) and ~ 125.5, 113.8, 110.6, 55.4, 44.2, 33.3, 25.2. HRMS (&Y calcd
toluene (2 mL) were then added sequentially. The vial was covered for Ci4H1g0S: 234.1078; found: 234.1074.
with a plastic cap and the solution was stirred at room temperature.  1-(Cyclohexylvinyl)(cyclopentyl)sulfane (18a)light-yellow oil;

The solution changed color from maroon to orange within 10 min. 5% ethyl acetate/petroleum ether used as eluant for flash chroma-
After stirring for 24 h, the volatiles were removed under reduced tography.'H NMR (CDClz, 300 MHz): ¢ 6.25 (m, 1H), 5.29 (s,
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1H), 4.99 (s, 1H), 3.35 (m, 1H), 2.23 (m, 2H), 2.16 (m, 2H), 2.00 space in the asymmetric unit. Mild restraints were employed to
(m, 2H), 1.63 (m, 10H)XC{'H} NMR (CDCl;, 300 MHz): 6 maintain reasonable geometries for both solvent molecules. For
162.5, 128.1, 109.1, 93.9, 44.7, 34.1, 27.9, 26.7, 25.7, 23.9, 23.1.complex4, the material crystallizes with one disordered molecule
HRMS (EI) m/z calcd for GaH20S : 208.1286; found: 208.1279.  of solvent GHj, in the asymmetric unit. This solvent molecule was
X-Ray Crystal Structures of 2—5. Crystal intensity collection, modeled in two orientations with isotropic thermal parameters. For
and refinement details are summarized in the Supporting Informa- complex5, the material crystallizes with disordered hexanes in the
tion as Tables S1, S7, S13, and S19. All measurements for lattice. This disordered solvent molecule could not be modeled
complexes2, 4, and 5 were made on a Bruker X8 APEX Il reasonably; therefore, the PLATON/SQUEEZRrogram was used
diffractometer and all measurements for com@eaxere made on to correct the data for any unresolved residual electron density in
a Bruker X8 APEX diffractometer, both with graphite monochro- the lattice. The formula and any subsequent values calculated from
mated Mo-Ka radiation. Data were collected in a seriespadind it reflect the presence of one molecule of hexane in the asymmetric
o scans and subsequently processed with the Bruker SEAINT unit. Pertinent bond lengths and angles are presented in Table 2.
software package. Data were corrected for absorption effects usingFull details for2—5 are presented in the Supporting Information.
the multiscan technique (SADAB%)The data were corrected for
by Lorentz and polarization effects. The structures were solved using Acknowledgment. We thank the following for support of
direct method® and refined using SHELXTES For complexes this research: University of British Columbia (start-up funds),
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maps and refined isotropically. For compleX the material Opportunities Grant), and the British Columbia Knowledge
crystallizes with both toluene and hexane in the lattice. In this case, Development Fund.
there is a 50:50 mixture of toluene and hexane occupying the same
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Madison, WI, 2003. at http://pubs.acs.org.
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