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sulfilimido complexes,’! multiple mechanistic pathways have
been uncovered based on multiple electron and atom/group
transfers. Examples include O atom,/ N~ ion,[ H- ion,¥l and
NSC¢H;Me,?~ transfer.’! Kinetic studies have revealed the
existence of proton-coupled electron-transfer pathways based
on bound oxo/hydroxo/aqua,™'® dialkylhydrazido,''l and
sulfilimido'? ligands that occur with large H/D kinetic isotope
effects. Examples include kg y/ko.p =30 + 111%] for the oxida-
tion of hydroquinone (H,Q) to benzoquinone (Q) by cis-
[Ru™(bpy),(py)(O)J** (bpy=2,2"-bipyridine and py = pyri-
dine) [Eq. (1)].

cis-[Ru™(bpy)(py)(O) " + H,Q — cis-[Ru"(bpy)(py)(H,O)]** +Q (1)

Other examples are kyy/kyp>41.44 1.3 for the reduc-
tion of Q to H,Q by trans-[Os(tpy)(Cl),{N(H)N(CH,),O}]*
[Eq. (2); tpy=22"6"2"-terpyridine], and kgp/ksp>31.1+
0.20121 for the oxidation of trans-[Os" (tpy)(Cl),{NS(H)-
CsHsMe,}]* by Q [Eq. (3)].

2 trans-[Os™ (tpy)(Cl),{N(H)N(CH,),0}]* +Q — @)
2 trans-[Os"(tpy)(Cl),{NN(CH,),0}]" + H,Q

2trans-[Os™ (tpy)(Cl),{NS(H)C¢H;Me,}]* + Q — 3)
2 trans-[OsY (tpy)(Cl),(NSC¢H;Me,) |* + H,Q

We report here the first example of proton-coupled
electron transfer based on a phosphorus atom. Its existence
may have important implications for the redox reactivity of
organophosphorus compounds,l phosphoraniminato com-
plexes,'¥ and biologically active substances containing P—H
acids.[¥]

A rapid reaction occurs between the osmium(vi) —nitrido
complex, [OsY(Tp)(C1),(N)] (Tp~ = tris(pyrazolyl)borate),
and diethylphosphane (HPEt,) in CH,Cl, under nitrogen at
room temperature to give the osmium(iv)—phosphoranimi-
nato product, [Os"(Tp)(Cl),{NP(H)Et,}] (Os'VNP(H)Et,)

[Eq. (D]

[Os™(Tp)(CI):(N)] + HPEt, — [Os™(Tp)(Cl),{NP(H)Et,}] )

The product was isolated (94 % yield) and characterized by
elemental analysis,['® cyclic voltammetry,['*! and UV/Vis, 16l
and infrared™® spectroscopies. Similar to other d* Os!V-
phosphoraniminato complexes,['”l Os™V-NP(H)Et, is paramag-
netic as shown by 'H NMR spectroscopy. Cyclic voltammetric
measurements in 1:1 (v/v) CH;CN:H,O (u =1.0M in NH,PF)
reveal that E, for the osmium(viv) couple decreases by
57 mV/pH unit from pHO (E,,;=0.560V, versus sodium
saturated calomel electrode (SSCE)) to 3.5 (E;,=0.360V,
versus SSCE) and is pH independent above pH 3.5.8] From
these data, pK,=3.524+0.04 for the acid-base equilibrium
shown in Equation (5), and Supporting Information Figure 1.

[0S (Tp)(CI)(NP(H)EL]] <= [Os(Tp)(Cl),(NPEL)] + H' Q)

Reminiscent of the [OsV(tpy)(Cl),{NN(CH,),0}]*/
[Os™(tpy)(C){N(H)N(CH,),O}]*  and  [Os"(tpy)(Cl),-
(NSC¢H;Me,) ]*/[Os™(tpy)(C1),{NS(H)CcH;Me,}|* couples,
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we have found clear kinetic evidence for proton-coupled
electron transfer based on phosphorus for the
[OsY(Tp)(Cl),(NPEL,) /[Os™Y(Tp)(Cl),{NP(H)Et,}] couple.

When [Os™(Tp)(Cl),{NP(H)Et,}] and Q are mixed in 1:1
(v/v) CH;CN:H,O (pH 1.5 and u=1.0M in NH,PFy), a rapid
reaction occurs in which Q is reduced to H,Q, and
[Os™Y(Tp)(C1),{NP(H)Et,}] is oxidized to [OsV(Tp)(Cl),-
(NPEt,)] [Eq.(6)]. From redox potential measurements,
AG°=-0.03 eV for this reaction.!'*!

2[Os™(Tp)(CL,{NP(H)Et,)] + Q 2700

2[OsY(Tp)(C1),(NPEt,) ]+ H,Q ©)

As found for the oxidation of trans-
[Os™(tpy)(CI),{N(H)N(CH,),O}]* and trans-[Os"(tpy)-
(C1),{NS(H)ArMe,}]* by Q, the oxidation of

[Os™(Tp)(C1),{NP(H)Et,}] by Q is pH dependent, consistent
with the rate law in Equations (7a) and (7b) at [Q] <3.05 x
10-m with &, (H,0) = (1.48+0.01) x 10'M~'s™!, ky(H,0) =
(3.95+0.04) x 10°m~1's7! and K,=3.2 x10~*. This rate law
is consistent with competing pathways, and the oxidation of
OsV-NP(H)Et, (k) and of Os"Y-NPEt,™ (k,) by Q.

Rate = ko, [Q][Os"]; (7a)
2k, [H" 2k, K,
o 2k K, (7b)
[H] + K,
As in the reaction Dbetween trans-[Os"(tpy)-

(C1),{N(H)N(CH,),O}]* and Q, there is evidence in the k;
pathway for an Os"V-NP(H)Et,:--Q intermediate. This
conclusion is based on the appearance of saturation kinetics
in [Q] (Figure 1) and by the direct observation of the
intermediate. At [Q]=1.2 x 1073-1.2 x 1072M, a shift occurs
in the characteristic A, for Os'Y—-NP(H)Et, in CH;CN:H,O
at pH 1.5 from 366 nm to 382 nm. This feature subsequently
disappears to give the spectrum of [OsY(Tp)(Cl),(NPEt,)]
with A, =396 nm.

These observations and that the reaction is dominated
(~80%) at pH 1.5 by the k, pathway are consistent with the
mechanism in Equations (8a)—(8c). Related mechanisms
involving pre-association with formation of H-bonded ad-
ducts have been found in the oxidations of trans-[Os'-

(tpy)(CD{N(H)N(CH,),O}JPF"!  and  trans-[Os™(tpy)-
(C1),{NS(H)C;H;Me,}]PF,% by Q.
’Et X, ;at
OSIV=N—P<:{Et + 0 os™=N-pEt | (8a)
0
Et
v ’\\Et Krea . .
Os =N—P< ——> [0Os =N-PEt,] + HQ (8b)
H
ko)

OsV-NP(H)Et, + HQ* ™, OsV-NPEt, +H,Q (8¢c)
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Kx 103 /s

From the plots of k, versus [Q] and of 1/k,, versus 1/[Q]
(Figure 1) k,.q in HO is (1.54 £ 0.02) x 102571, and K,(H,O0)
is (2.1540.02) x 103m~L,

12
[ )
o0
PY o
[ ]
[ ]
8- ([
[ ] 6
[ t ;
° @ 4
® S
=2
4- o g |
® 0 : |
0 4 8 12 16
o
1[Q1x103M —
0 7‘7 e 77"7"7 [ 77"7'71 - “
0.0 0.4 0.8 .
[Q] x 103 /M1

Figure 1. Plot of k., versus [Q] for the reaction between Q and
[Os™(Tp)(CL),(NP(H)Et,)] in 1:1 (v/v) CH;CN:H,O (25.0+0.1°C,
[Hf]=3.2x 107%™, and u =1.0M in NH,PF). A plot of 1/k,, versus 1/[Q]
is shown in the inset.

The pH-dependent experiments were repeated from
pH 0.0-2.5 (u=1.0M in NH,PF) in 1:1 (v/v) CH,CN:H,O
and 1:1 (v/v) CH;CN:D,0 at 25.0 £ 0.1 °C at relatively low [Q]
(<£3.04 x 103>M) under conditions where the k; pathway is
first order in [Q]. At these conditions, [H*] is much larger
than K, and it follows from Equation (7b) that K, is given by
Equation (9).

K,

k() S = vl
’ [H]

®

From the plots of k., versus 1/[H*] in Figure 2, k,(H,0) =
(148+0.01) x 10'M's!  and  ky(H,0) = (3.95 +0.04) x
10°m~'s™!  and k,(D,0)=(8.30£0.07) x 102m~!'s™! and
k,(D,0)=(1.16+0.01) x 10>m~'s™. Based on these data,
ky(H,0)/k,(D,0)=1783+75 and  ky(H,0)/ky(D,0) =
3.41+£0.01.

60 -

0.0 +——
0 9 1827 36 45

1/[H] /M

T

T T T T 1
0 90 180 270 360
1/[H] Mt —
Figure 2. pH dependence of k., for the reaction between

[Os™(Tp)(Cl),(NP(H)Et,)] and Q from pHO0.0 to 2.5 in 1:1 (v/v)
CH;CN:H,O («=1.0m in NH,PF,) at 7=25.0£0.1°C and CN;CN:D,0.
A plot of the same reaction under the same conditions in CH;CN:D,0
from pH 0.0 to 1.6 is shown in the inset.
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The observation of a kinetic isotope effect of 178.3 7.5 for
k, is remarkable. Given the mechanism in Equations (8a) and
(8b), k; is the product k. K,. A series of experiments was
conducted at pH=1.5 (pD =1.1) at high concentration of Q,
up to 1.46 x 10->m. Under these conditions, saturation kinetics
in [Q] were observed for the k; pathway, consistent with the
rate law in Equations (10a) and (10b).

Rate = kg [OsV]p (10a)
K,
ke Ka 0] + ko =[]
ko — [H] (10b)
KA Q] +1

From plots of 1/k,,, versus 1/[Q] (Supporting Information
Figure 2), K,(D,0)=(2.1040.02) x 10°M~" and k,.4(D,0) =
(1.96 £0.03) x 10*s~. Based on this result, K,(H,O)/
K,(D,0)=1.02+0.02 and k,4(H,0)/k((D,0)=175.1£0.9.
This fact shows that the isotope effect appears largely in the
redox step, k,.q, and the large isotope effect points to a proton-
coupled electron-transfer mechanism.

As shown in Equation (11), proton-coupled electron trans-
fer in this case involves dm(Os') —nn*(Q) electron transfer
coupled to sp*(P) —sp*(O) proton transfer from the Os'v
donor to the benzoquinone acceptor.

_ - _ , —
(dm”) g
'\\\\\Et
—— 0sVz =P,
. (11)
[
-0,
L _ L O]

Hydrogen-atom transfer with both electron and proton
transferred from sp*(P—H) would lead to the high energy,
ligand-oxidized intermediate, Os' —NP'Et,.

The magnitude of the kinetic isotope effect points to the
importance of tunneling and a large tunneling distance which
occurs by the coupling of a v(P—H) mode in the donor and a
v(O—H) mode in the HQ" product.

The driving force for the reaction in Equation (6) is
—0.03 eV, and the reaction is measurably reversible.'"”] The
results of an initial kinetic study on the oxidation of H,Q by
[OsY(Tp)(Cl),(NPEL,)] reveal the rate law shown in Equa-

tion (12).
—d[0sY] . [0Os¥ — NPEt,]’ [H,Q] 1)

da [Os! — NP(H)Et,)

This result is consistent with the reverse of the mechanism
in Equations (8a)—(8c) and rate-limiting proton-coupled
electron transfer between HQ® and OsY-NPEt,. The initial
reaction between H,Q and OsV-NPEt, is a rapid pre-
equilibrium. Initial results at high [H,Q] have provided direct
evidence for the intermediate, OsY—NPEt,---HQ", and the
mechanism for the reverse reaction shown in Equations
(13a) - (13c).
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Et
0sV-N=PEt, + H,0 == |0s™-N=R™Et| 4 HO
H
Et . Et
4 . _Ka
Os _N:R":,, + HQ OsV—N:P;:““‘Et
Bt .
N
Q
Et , t
k red
0sV_N=p"WEE —_— os™Von=pEL | | ¢

::'H \H

In conclusion, our study provides the first documented
example of proton-coupled electron transfer involving a
phosphorus atom that is not directly bonded to a metal. The
large magnitude of the kinetic isotope effect is also remark-
able and opens the possibility of observing giant isotope
effects in related reactions where proton-coupled electron

(13a)

(13b)

(13c)

transfer is the dominant mechanism.

(1

2

—

(3]

(4]

[5]

[6

—

(71

(8]
]

(10]

© WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

Received: November 8, 2001
Revised: January 21, 2002 [Z18185]

a) H. E. Toma, K. Araki, Coord. Chem. Rev. 2000, 196, 307 - 329, and

references therein; b) C. Pariya, K. N. Jayaprakash, A. Sarkar, Coord.
Chem. Rev. 1998, 168, 1-48, and references therein; c¢) M. Sadakne, E.
Steckhan, Chem. Rev. 1998, 98, 219 -237, and references therein.

a) E. El-Samanody, K. D. Demadis, T. J. Meyer, P. S. White, Inorg.
Chem. 2001, 40, 3677-3686; b) T.J. Crevier, B. K. Bennett, J. D.
Soper, J. A. Bowman, A. Dehestani, D. A. Hrovat, S. Lovell, W.
Kaminsky, J. M. Mayer, J. Am. Chem. Soc. 2001, 123, 1059-1071, and
references therein; ¢) T. W. Wong, T. C. Lau, W. T. Wong, Inorg.
Chem. 1999, 38, 6181 —6186, and references therein.

a) M. H. V. Huynh, D. G. Lee, P. S. White, T. J. Meyer, Inorg. Chem.
2001, 40, 3842-3849; b) M. H. V. Huynh, E.-S. El-Samanody, K. D.
Demadis, P. S. White, T. J. Meyer, J. Am. Chem. Soc. 1999, 121, 1403 -
1404; c) M. H. V. Huynh, E.-S. El-Samanody, P. S. White, T. J. Meyer,
Inorg. Chem. 1999, 38, 3760-3761; d) M. H. V. Huynh, P. S. White,
T.J. Meyer, Inorg. Chem. 2001, 40, 5231 -5235; ¢) M. H. V. Huynh,
D. G. Lee, P. S. White, T. J. Meyer, Inorg. Chem. 2001, 40, 3842 —3849.
M. H. V. Huynh, P.S. White, C. A. G. Carter, T.J. Meyer, Angew.
Chem. 2001, 113, 3127-3129; Angew. Chem. Int. Ed. 2001, 40, 3037 -
3039.

M. H. V. Huynh, P. S. White, T. J. Meyer, J. Am. Chem. Soc. 2001, 123,
9170-9171.

a) L. A. Gallagher, T. J. Meyer, J. Am. Chem. Soc. 2001, 123, 5308 -
5312; b) D. Chatterjee, A. Mitra, S. Mukherjee, J. Mol. Catal. A 2001,
165,295-298; ¢) S. I. Murahashi, N. Komiya, Y. Oda, T. Kuwabara, T.
Naota, J. Org. Chem. 2000, 65, 9186-9193; d) A. D. P. Alexiou, S.
Dovidauskas, H. E. Toma, Quim. Nova 2000, 23, 785-793, and
references therein; e) C. M. Che, W. Y. Yu, P. M. Chan, W. C. Cheng,
S. M. Peng, K. C. Lau, W. K. Li, J. Am. Chem. Soc. 2000, 122, 11380 -
11392.

M. H. V. Huynh, E.-S. El-Samanody, K. D. Demadis, P. S. White, T. J.
Meyer, Inorg. Chem. 2000, 39, 3075 -3085.

L. Roecker, T. J. Meyer, J. Am. Chem. Soc. 1987, 109, 746 —754.

M. H. V. Huynh, D. L. Jameson, T. J. Meyer, Inorg. Chem. 2001, 40,
5062 -5063.

a) R. A. Binstead, M. E. McGuire, A. Dovletoglou, W. K. Seok, L. E.
Roecker, T. J. Meyer, J. Am. Chem. Soc. 1992, 114,173-186;b) R. A.

1433-7851/02/4108-1397 $ 20.00+.50/0 1397



COMMUNICATIONS

Binstead, L. K. Stultz, T. J. Meyer, Inorg. Chem. 1995, 34, 546—551;
c) S. A. Trammell, J. C. Wimbish, F. Odobel, L. A. Gallagher, P. M.
Narula, T. J. Meyer, J. Am. Chem. Soc. 1998, 120, 13248 -13249.

[11] M. H. V. Huynh, P. S. White, T. J. Meyer, J. Am. Chem. Soc. 1999, 121,
4530-4531.

[12] M. H. V. Huynh, P. S. White, T. J. Meyer, Angew. Chem. Int. Ed. 2000,
112, 4267-4270; Angew. Chem. Int. Ed. 2000, 39, 4101 -4104.

[13] a)J. R. Dilworth, N. Wheatley, Coord. Chem. Rev. 2000, 199, 89 -158;
b) D. B. Sowerby, Coord. Chem. Rev. 1990, 103, 1-161.

[14] a) K. Dehnicke, M. Krieger, W. Massa, Coord. Chem. Rev. 1999, 182,
19-65, and references therein; b) K. Dehnicke, F. Weller, Coord.
Chem. Rev. 1997, 158, 103 -169.

[15] N. A. Bondarenko, Russ. J. Gen. Chem. 1999, 69, 1016 -1038.

[16] a) Elemental analysis calcd (% ) for OsC,;H,,BN,;PCl, - 0.35 CH,Cl,: C
26.37, H 3.60, N 16.13; found: C 26.66, H 3.86, N, 16.02; b) cyclic
voltammetry in 0.1M TBAH/CH;CN (V vs SSCE; TBAH = tetrabutyl
ammonium hydroxide): E;, (OsVV)=+0.68V, E;, (OsV)=
—0.64V, and E,, (Os"")=—-125V; ¢) UV/Vis spectra in CH,Cl,
(Amax> DM (&, M~'em™): 444 (6.08 x 10%), 278 (1.01 x 10*), and 212
(1.16 x 10%); d) IR (cm™!, Nujol mull): 7= »(B—H) 2511; »(P—H) 2118,
v(Tp) 1628 (vs), 1499 (vs), 1466 (vs), and 1408 (vs); and v(N=P) 1117.

[17] a) M. H. V. Huynh, P.S. White, T. J. Meyer, Inorg. Chem. 2000, 39,
2825-2830; b) K. D. Demadis, M. Bakir, B. K. Klesczewski, D.S.
Williams, P. S. White, T. J. Meyer, Inorg. Chim. Acta 1998, 270, 511 —
526; c) B. K. Bennett, S. Lovell, J. M. Mayer, J. Am. Chem. Soc. 2001,
123, 4336-4337.

[18] The buffer solutions for the pK, measurements: HPF, was used in the
solutions that were from pH 1.0 to pH 8.0 (x=1.0m NH,PF): HPF;
for pH 1-2, KHP for pH 3 -6, and KH,PO, and K,HPO, for pH 7-8.
The pH values reported are those measured in the mixed solvents.
These values are the same to within experimental error of pH values
measured in aqueous solution.

[19] For a review of quinone reduction, see J. Q. Chambers, In the
Chemistry of the Quininoid Compounds, Vol. 2, Part 1 (Eds.: S. Patai,
Z. Rappaport), Wiley, New York, 1988, pp. 719-757.

A New Crystal Modification of Chromium
Tetrafluoride: f-CrF,**

Primoz Benki¢, Zoran Mazej,* and Boris Zemva

In memoriam Karel Lutar

Part of the investigations into reactions between chromium
fluorides (CrF,, CrF;, CrFs) and xenon fluorides (XeF,, XeFy)
was a search for appropriate starting materials for the
preparation of pure solid CrF,.I'? It was found that solid
XeF,-CrF, is quickly solvolyzed in anhydrous hydrogen
fluoride (aHF) to give amethyst CrF,.! Although the
obtained CrF, was of very low crystallinity, its X-ray powder
diffraction pattern indicated that it has a different crystal
structure than CrF, prepared by direct fluorination of
elemental chromium with an aHF/F, mixture at 573 K.FI
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However, efforts to prepare single crystals of the new form
of CrF, were plagued by the same preparative difficulties that
prevent the growth of suitable single crystals of higher binary
fluorides (high reactivity, moisture sensitivity, tendency to
disproportionate, and thermal decomposition to lower valent
compounds and elemental fluorine). Because of their reac-
tivity they can be handled only in a few solvents, and their low
solubility makes the preparation of single crystals from
saturated solutions infeasible. For these reasons the prepara-
tion of single crystals of each 3d transition metal tetrafluoride
represented a special challenge, and different preparation
conditions were required in each case. We found that slow
thermal decomposition of CrFs at 403 K yields large, beau-
tiful, dark red-violet single crystals. Their color, vibrational
data (see Supporting Information), and chemical analysis (see
Experimental Section) confirmed that single crystals of CrF,
were obtained. The presence of lower chromium fluorides
(CrF,, Cr,Fs, or CrF;) or oxyfluorides (CrF,0, CrF;0, CrF,0,
or CrF,0,) was excluded.

The crystal structures of the lower chromium fluorides
(CrF,, Cr,Fs,P! CrF5l) have long been known, and the
crystal structure of CrF, was reported recently.’] Here we
report on a new crystal modification of CrF,, which we named
B-CrF, to distinguish it from the already known a-CrF,.P!

The tetrafluorides MF, can be divided into five groups. The
first group contains MF, of larger M** ions (M = Hf, Ce, Pr,
Tb, Th-Bk), isostructural to B-ZrF,;[ the second the
structurally related MF, (M =RAh, Os, Ir, Pt, Pd, Re);[® % the
third the structurally related NbF,,[>'"l SnF,['2 PbF,, [
VF,,['" and RuF,;"! and the fourth SeF, and TeF,.l"’] The
fifth group includes TiF,,l'Y a-MnF,,['”) 3-MnF, "3 ¢-ZrF, 1]
and a-CrF,,Pl which represents unique examples. B-CrF,
crystallizes in a new structural type. The basic unit of the
crystal structure consists of four corner-sharing CrF; octahe-
dra (Figure 1). Tetrameric rings are thus formed in which four
Cr atoms are connected by cis bridging fluorine atoms. The
coordination sphere around Cr atoms is completed by two cis
terminal fluorine atoms and two trans bridging fluorine atoms

Figure 1. Section of the crystalline structure of 5-CrF, showing tetrameric
rings with bond lengths [pm] and angles [°].
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