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Abstract: Versatile alkylation reactions give access to symmetric, homoleptic nonsymmetric, and heteroleptic

symmetric hexaalkylated 1,2-diphosphonium derivatives

as bottleable salts in high yields. A series of 1,2-

diphosphonium salts has been isolated and characterized, representing prototypical phosphorus analogues
of ethane. Additionally, the solid-state structures for four derivatives have been determined crystallographi-
cally. Nonsymmetrically substituted derivatives of 1,2-diphosphonium cations enable the direct observation

of *J(PaPg) coupling constants for two tetracoordinate

phosphorus centers. The synthetic approaches

promise access to a vast array of derivatives and will provide means to the systematic development of

phosphorus analogues of hydrocarbon chemistry.

Introduction

The C-C homoatomic bond is fundamentally responsible for
the extent and diversity of organic chemistry. Homoatomic
bonding is prevalent for other nonmetal elements but is most
developed for phosphorus, consistent with the diagonal relation-
ship between carbon and phosphotuSeries of catena
phosphined;> catenaphosphinophosphide aniofst® and
catenaphosphinophosphonium catidn® have been reported,
but many of the frameworks observed in carbon chemistry have
not been replicated in the chemistry of phosphorus.

The fundamentally important parent or benchmarkPP
bonded diphosphonium unit is present in a few structurally
characterized compounds that involve sterically bulky amine
substituentsi®) or a polycyclic frameworkZ,1® 3,16 and417).

Nevertheless, hexaalkyldiphosphonium triiodide salts are specu-

lated as the products of reactions of red phosphorus with alkyl
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iodides or from trialkylphosphines with iodifé}!° and [Me-
PPMe][PF¢]2 has been assigned on the basis of elemental
analysis data and IR spectroscdfyVe have now discovered
that alkylation reactions of diphosphines or phosphinophospho-
nium cations provide a versatile approach to hexaalkyl-1,2-
diphosphonium dications, representing prototypical phosphorus
analogues of ethane. Six derivatives have been characterized
as either trifluoromethanesulfonate (OTf) or tetrachlorogallate

(14) Nikitin, E. V.; Romakhin, A. S.; Zagumennov, V. A.; Babkin, Yu, A.
Electrochim. Actal997, 42, 2217-2224.

(15) Schomburg, D.; Bettermann, G.; Ernst, L.; SchmutzleARgew. Chem.,
Int. Ed. Engl.1985 24, 975-976.

(16) Alder, R. W.; Ganter, C.; Harris, C. J.; Orpen, A.Ghem. Commuri992
1172-1174.

(17) Kilian, P.; Slawin, A. M. Z.; Woollins, J. DDalton Trans.2006 2175~
2183.

(18) Makovetskii, Y. P.; Feshchenko, N. G.; Malovik, V. V.; Semenii, V. Y.;
Boldeskul, I. E.; Bondar V. A, Chernukho N. Ph. Obshch Kh|m1980
50, 1967.

(19) Makovetskii, Y. P.; Lidkovskii, V. E.; Boldeskul, I. E.; Feshchenko, N.
G.; Kalibabchuk, N. NZh. Obshch. Khim1989 52, 1989.

(20) Siddique, R. M.; Winfield, J. MCan. J. Chem1989 67, 1780-1784.

J. AM. CHEM. SOC. 2007, 129, 7969—7976 = 7969



ARTICLES

Weigand et al.

(GaCly) salts. These new dications provide a foundational origin
for the fundamental chemistry of phosphorus.

Experimental Section

Caution: Many phosphines are pyrophoric and very toxic com-
pounds. Methyl triflate (MeOTf) is a highly volatile, powerful methy-
lating agent that reacts violently. All manipulations should be carried
out under inert Matmosphere and on a small scale (0.5 to 1.0 mmol).

General Remarks. All reactions were carried out in a glovebox
under an inert B atmosphere. Solvents were dried on an MBraun
solvent purification system and stored under nitrogen and over
molecular sieves prior to use. Anhydrous MeCN was purchased from
Sigma-Aldrich and used as received.JMEMe was prepared according
to the literature metho#t. ‘BuCl and MeSiOTf were purchased from
Sigma-Aldrich, MePCIl was purchased from Strem, and all were
vacuum distilled prior to use. PMdn toluene, PEt P'Pr, PPr,
‘Bu,PCl, MeOTf, and GaGlwere purchased from Sigma-Aldrich and
used as received. NMR: Bruker AVANCE 508H((500.13 MHz),
13C (125.76 MHz) chemical shift referenceddaus = 0.00;3P (202.46
MHz) to dnspoaeswy = 0.00) and are reported in pprd;values are
reported in Hz. Bruker AC-250'fF (235.35 MHz) chemical shifts
are reported in ppm and referenceddt@nscrs= —63.72.3'P NMR
parameters were derived by fitting the observed experimental spectra
with a computer simulation using the software program gNMR, version
5.0, by Cherwell Scientifié? Melting points were recorded on an
Electrothermal melting point apparatus in sealed capillary tubes under

N, and are uncorrected. Raman spectra were obtained for powdered

and crystalline samples on a Bruker RFS 100 instrument equipped with
an Nd:YAG laser (1064 nm). Chemical analyses were determined by
Canadian Microanalytical Service Ltd., Delta, BC, Canada.

General Procedure for the Preparation of Phosphinophospho-
nium Salts [RsP—PR';][OTf] (6a —e[OTf]): MesSiOTf (180uL, 1.00
mmol) was added dropwise to a mixture of the trialkylphosphine (1.00
mmol) and the corresponding dialkylchlorophosphine (1.00 mmol) in
CHClI; (10 mL). The solution was stirred for 30 min and concentrated
in vacuoto 5 mL. Addition of EtO (~15 mL) afforded the crude
phosphinophosphonium salt as a white precipitate. After isolation
and washing (D, 3 x 5 mL), pure compounds were obtained by
vapor diffusion of E£O into a CHCN solution of the corresponding
salt.

[MesP—PMe,][OTf] (6a[OTf]): 270 mg (94%); mp 222226 °C;
Raman (250 mW, 25C, cnm?): 2992 (48), 2918 (100), 1495 (7), 1414
(9), 1226 (6), 1035 (36), 757 (15), 713 (7), 682 (23), 574 (6), 445
(15), 349 (10), 314 (11), 238 (12), 84 (54)P{*H} NMR (ds-MeCN,

300 K, [ppm]): da = 17.60 @); op = —59.35 ¢), Jpp 274.3 Hz.

[EtsP—PMe,][OTf] (6b[OTf]): 293 mg (89%); mp 208211 °C;
Raman (250 mW, 28C, cnrl): 2989 (58), 2950 (74), 2917 (100),
2888 (30), 1412 (12), 1266 (7), 1224 (94), 1032 (53), 754 (19), 712
(13), 665 (16), 620 (14), 572 (10), 500 (12), 348 (17), 337 (18), 313
(15), 231 (13), 120 (13), 85 (94$*P{*H} NMR (ds-MeCN, 300 K,
[ppm]): 82 = 32.28 ¢); 5 = —63.08 (), Jpp = —294.3 Hz.

["PrsP—PMe,][OTf] (6¢c[OTf]): 296 mg (80%); mp 5459 °C;
Raman (250 mW, 25C, cnt?): 2979 (53), 2938 (88), 2916 (100),
2878 (59), 2738 (8), 1495 (11), 1452 (15), 1412 (11), 1312 (8), 1224
(10), 1085 (7), 1030 (59), 753 (19), 713 (10), 667 (15), 572 (9), 347
(16), 312 (23), 235 (11), 117 (153*P{*H} NMR (ds-MeCN, 300 K,
[ppm]): da = 24.20 €); 0 = —60.22 ¢), *Jpp = —296.0 Hz.

[[PrsP—PMeg][OTf] (6d[OTf]): 191 mg (98%); mp 5156 °C;
Raman (250 mW, 25C, cntl): 2979 (72), 2916 (100), 2738 (6), 1495
(11), 1477 (13), 1260 (6), 1225 (8), 1067 (6), 1031 (41), 883 (13), 752
(18), 715 (9), 673 (14), 573 (8), 446 (14), 347 (13), 312 (26), 180

(21) Butter, S. A.; Chatt, dJnorg. Synth.1974 15, 185-191.

(22) Budzelaar, P. H. MJNMR for Window$4.0) The Magdalen Centre, Oxford
Science Park, Oxford OX4 4GA, UK, Cherwell Scientific Publishing
Limited: 1997.
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(13), 119 (19)#*P{*H} NMR (ds-MeCN, 300 K, [ppm]): 6. = 36.38
(d); 0 = —54.77 @), Jpp = —331.9 Hz.

[MesP—PBuU,][OTf] (6e[OTf]): 283 mg (76%); mp 129134 °C;
Raman (250 mW, 25C, cnrl): 2995 (40), 2969 (41), 2924 (100),
2907 (62), 2877 (26), 2870 (21), 1474 (12), 1449 (12), 1032 (36), 804
(15), 754 (18), 679 (18), 567 (16), 348 (11), 314 (12), 271 (18), 121
(10), 84 (86), 71 (10)33*P{H} NMR (ds-MeCN, 300 K, [ppm]): 02 =
42.26 @); o, = 10.81 ¢), 1Jpp = —382.6 Hz.

General Procedure for the Preparation and Isolation of 7[OTfL
from 6[OTf]: Excess MeOTf (18LL, 2.5 mmol, 5 equiv) was added
to the corresponding phosphinophosphonium salt (0.5 mmol) and the
mixture was stirred, yielding a viscous colorless oil that solidified after
approximately 1 to 3 min. The crude material was recrystallized from
a mixture of MeCN/MeOTf (3 mL/10@L) that was layered with EO
(5 mL) and stored in the freezer-82 °C) for 12 to 24 h. Crystals
suitable for X-ray diffraction were obtained by dissolving the sample
(0.050-0.100 g) in minimal MeCN/MeQOTf in an uncapped 1 dram
vial, which was placed ins&la 4 dram vial containing ED. The larger
vial was capped, and the system was allowed to stand in a freezer until
crystals of suitable quality formed. In solution, all derivativeF[@ Tf]
are highly moisture sensitive and very reactive and decompose within
a few hours; recrystallization must be performed quickly. Samples
prepared to obtain NMR spectra contained excess MeOTf (10%).

[MesP—PMe;][OTH] 2 (7a[OTf],) from Tetramethyldiphosphine:
Excess MeOTf (56&L, 5 mmol) was added to neat tetramethyldiphos-
phine (122 mg, 1.0 mmol) leading to the instantaneous and exergonic
formation of a white solid.

[MesP—PMes][OT] 2 (7a[OTf]2): 424 mg (94%); mp 217219°C;
Raman (250 mW, 25C, cnt?): 3008 (29), 2986 (41), 2919 (100),
1495 (18), 1400 (20), 1257 (20), 1229 (18), 1030 (43), 782 (15), 759
(24), 689 (19), 575 (20), 455 (17), 348 (19), 320 (19), 297 (17), 237
(21), 118 (10)H NMR (ds-MeCN, 300 K, [ppm]): 6 = 2.39 (18 H,

m, A part of an AA'MsM3z' XX system?2JHaPx = 2JHxPx = —14.6
Hz, 3JHaPx = 3JHxPx = 8.6 Hz);3C NMR (ds-MeNO,, 300 K, [ppm]):

0 = 7.1 (6 Me,m, M part of an AAYM3Mz'XX systemJICyPx =
lJHM'Px' =-27 HZ,ZJHMpx' = ZJHM'PX = —43.0 HZ);?’IP NMR (d3-
MeNO,, 300 K, [ppm]): 6 = 28.44 (2 Pm, X part of an AA'M3sMz' XX
system*JIPxPyx = —19.9 Hz);1%F NMR (d:-MeCN, 300 K, [ppm]): 6
79.4 (—CF;, ). Elemental analysis for ¢8l1sF06P2S; (450.29)
calcd: C, 21.34; H, 4.03. Found: C, 22.69; H, 4.09. Compound
decomposes under vacuum.

[EtsP—PMe3][OTf] » (7b[OTf],): 450 mg (92%); mp 6769 °C;
Raman (250 mW, 25C, cnrl): 2992 (45), 2960 (56), 2919 (100),
2415 (19), 1411 (15), 1359 (10), 1226 (18), 1032 (88), 774 (10), 758
(33), 672 (20), 575 (23), 519 (9), 469 (11), 404 (10), 350 (35), 315
(26), 252 (16), 123 (14), 84 (43}H{3P} NMR (ds-MeCN, 300 K,
[ppm]): 6 = 1.58 (9H,t, CH,Me, 3Jun = 7.5 Hz), 2.62 (9Hs, Me);
3.02 (6H,q, CH;Me, 3Jyy = 7.8 Hz),'3C NMR (d;-MeCN/MeOTf
(stabilized), [ppm]): 6.0 (3Cdd, CH,Me, 2JCcpmePy = —2.9 Hz,
3JCcrmePs = 6.2 Hz), 0 = 7.6 (3C,d(broad, Me, JCycPs = 42.4
Hz), 11.8 (3C, d(broad, CH;Me, 2JCchmePs = 33.8 Hz); 1P
NMR (d:-MeCN, 300 K, [ppm]): 6 = 28.22 (B, d), 37.12 (R, d),
1IPyPs = —48.9 Hz;%F NMR (d:-MeCN, 300 K, [ppm]): 0 = —79.4
(—CFs, 9).

["PrsP—PMes][OTf] 2 (7c[OTf]2): 0.289 mg (99%); mp 201
203°C; Raman (250 mWw, 25C, cnr'): 3007 (29), 2986 (41), 2918
(100), 1495 (18), 1399 (20), 1256 (20), 1228 (18), 1029 (43), 781 (15),
758 (24), 688 (19), 574 (20), 454 (17), 348 (18), 319 (19), 296 (17),
237 (21), 117 (10)iH{3P} NMR (ds-MeCN, 300 K, [ppm]): 6 =
1.17 (9H,t, CH,CH;Me), 1.80 (6H,m, CH,CH;Me), 2.45 (9H s, Me),

2.76 (6H,m, CH,CH;Me); ¥*C NMR (d;-MeCN/MeOTf (stabilized),
[ppm]): 6 = 7.3 (3C,dd, Me, 2JCvePs = 1.7 Hz,2JCyePy = 41.8
HZ), 14.5 (30(1, CHQCHzMe, 3JCCH2CH2MeP(x =-19.2 HZ,4JCCHQCH2MePﬁ
= 08), 16.3 (SCdd, CH,CH,Me, ZJCCHZCHZMePa =52 Hzlg\]CCHZCHzMePﬂ
= —2.8 Hz), 19.4 (3C,dd, CH,CH,Me, YJCch,crmePu = 1.8 Hz,
2JCenycrmmePs = 31.4 Hz);*P NMR (ds-MeCN, 300 K, [ppm]): 6 =
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28.08 (B, d), 29.30 (R, d), }JP,Ps = —48.1 Hz;'%F NMR (d:-MeCN, goniometer. A hemisphere of data was collected on a Bruker AXS P4/

300 K, [ppm]): 6 = —79.5 (CF;, s). Elemental analysis for SMART 1000 diffractometer using and 6 scans with a scan width
C14H30Fs06P,S; (534.45) caled: C, 31.46; H, 5.66. Found: C, 31.47; of 0.3 and 10 s 7a[OTf],, 7b[OTf],), 20 s {d[OTf],), and 30 s
H, 5.72. (7i[GaCly]2) exposure times. The detector distance was 5 cm in all cases.

[[PrsP—PMes][OTf] 2 (7d[OTf] »): The preparation differs from the ~ For 7a{OTf],, 7b[OTf]2, and7i[GaCly., the data were reduced (SAINT
general procedureExcess MeOTf (2.5 mL, 20 mmol, 20 equiv) was ~ 6.02, 19971999, Bruker AXS, Inc., Madison, Wisconsin) and
added under stirring to the corresponding phosphinophosphonium saltcorrected for absorption (SADABS George Sheldrick, 1999, Bruker
(1 mmol) at once. The obtained suspension was stirred for 6 h. The AXS, Inc., Madison, Wisconsin). In the case Td[OTf]2, the crystal
addition of acetonitrile (3 mL) yielded a clear solution from which ~Wwas twinned and the orientation matrixes for the major component were
layering with EtO yielded irregular rods ofd after 12 h (32 °C): determined (CELL_NOW, 2005 George Sheldrick, Bruker AXS, Inc.,
491 mg (92%); mp 166167 (sharp)°C; Raman (250 mW, 28C, Madison, Wisconsin). The data were reduced (SAINT) and corrected
cmY): 2987 (52), 2953 (52), 2930 (47), 2910 (100), 1494 (20), 1472 for absorption (TWINABS 1.05, George Sheldrick, 2004, Bruker
(21), 1396 (18), 1256 (17), 1227 (20), 1088 (16), 1031 (86), 869 (18), Nonius, Inc., Madison, Wisconsin). The angle between the two
780 (17), 758 (39), 679 (26), 574 (28), 503 (26), 417 (20), 349 (40), components of the twinned crystal was so small that twin refinement

314 (32), 217 (28), 186 (24), 121 (204 NMR (ds-MeCN/MeOTf
(stabilized), 300 K, [ppm]):6 = 1.62 (18H,dd, CHMe,, 2JHcrme,Hcrme,
= 7.2 Hz,®JHchme,Po = 0.5, “IHcrve,Ps = 18.7 Hz), 2.54 (9HAd,
Me, 2JHwePo = 6.2, 3JHwePs = —13.6 Hz), 3.46 (3HmM, CHMe,,
2JHchHme,Poa = 6.7, 3JHchme,Ps = —10.9 Hz); *C NMR (d:-MeCN/
MeOTf (stabilized), [ppm]):6 = 10.4 (3C,d(broad, Me, XJCucPs =
40.9 Hz), 17.1 (3Cdd, CHMe,, 2JCyePs = 3.3 Hz,3JCyePo = —2.4),
23.7 (3C,dd, CHMey, YJCchime,Pu = 22.9 Hz,2ICchime,Ps = —1.9 Hz);
3P NMR (ds-MeCN, 300 K, [ppm]): 6 = 28.86 (B, d), 46.91 (R, d),
1IPyPs = —74.4 Hz;*F NMR (d-MeCN, 300 K, [ppm]): 6 = —79.5
(—CFs, 9). Elemental analysis for fH3zoFsO6P.S; (534.45) calcd: C,
31.46; H, 5.66. Found: C, 31.77; H, 5.29.

[MesP—P'BuMe][OTf] 2 (7e[OTf]z): 230 mg (86%); mp 97
100°C; Raman (250 mWw, 28C, cnt?%): 3010 (30), 2980 (59), 2946

resulted in high esd’s for bond length and angles. Refinement using a
single crystal approach resulted in a 94% data completeness ia 55
26. The structures were solved by direct methods and refined by full-
matrix least-squares d¥f (SHELXTL 6.14, 2006-2003, Bruker AXS,

Inc., Madison, Wisconsin). In the case Of[OTf],, one of the PEt
groups is disordered and the site occupancy was determined using an
isotropic model as 0.6 (P(3), C(x1L(15)) and 0.4 (P(3, C(11")—
C(18)) and was fixed in subsequent refinement cycles. All non-
hydrogen atoms were refined anisotropically. Foo[OTf], and
7i[GaCly), hydrogen atoms were included in calculated positions and
refined using a riding model. In the case @[OTf], and 7d[OTf],
hydrogen atoms were found in Fourier difference maps and refined
isotropically.

Results and Discussion

(45), 2917 (100), 1495 (7), 1472 (13), 1417 (9), 1226 (10), 1173 (8),
1036 (76), 932 (5), 800 (13), 760 (32), 677 (19), 574 (18), 518 (5),  Synthesis and Characterization Chlorophosphinophospho-
498 (10), 351 (21), 318 (19), 270 (18). 242 (16), 155 (11), 118 (10); njym 5 salts are generally prepared via chloride ion abstraction

IH NMR (ds-MeCN, 300 K, [ppm]): 6 = 1.67 (18H,d, CMes,
3JHcmesPo = 18.7), 2.44 (3H,dd, Me, 2JHwePo = 11.5,3IHuePs =
—10.1 Hz), 2.60 (9Hdd, Me, 2JHyePs = 6.1, 3JHyePo = 13.4 Hz);
13C NMR (d-MeCN, 300 K, [ppm]): 6 = 9.3 (1C,dd, Me, 2JCyeP.
= 7.3 Hz,2)CvePs = 42.8 Hz), 11.6 (3Cd, Me, XJCuePs = 1.0 Hz,
2JCveP. = —40.5 Hz), 28.1 (6Cdd, CMes, 2ICcume;Pu = 6.2 Hz,
3)Come,Ps = —14.2 Hz), 41.1 (2Cd, CMes, UCewe,Pe = 1.1 Hz,
2JComesPs = 16.7 Hz);*'P NMR (d-MeCN, 300 K, [ppm]): 6 = 32.23
(Ps, d), 54.58 (R, d), }JP,Ps = —93.6 Hz;*°F NMR (ds-MeCN, 300
K, [ppm]): 6 = —79.5 (—CF;, s). Elemental analysis for fH3oFs0sP2S,
(534.45) calcd: C, 31.46; H, 5.66. Found: C, 31.83; H, 5.70.
['BuMe,P—PMe;Bu][GaCl ], (7i[GaCl4],): Solid GaCt (120 mg,
0.69 mmol) was added to a stirred solution of JAEMe (40 mg, 0.34

mmol) in benzene (4 mL) yielding a white precipitate that is tentatively

assigned as the adduct Gag@é,PPMeGaCk. The dropwise addition

from a chlorophosphine according to Scheme 1a 6t3hile
the reaction can be considered as the formation of a coordinate
P—P bond between a phosphine and a phosphenium dation,
the phosphinophosphonium bonding mo&fadlefines the frame-
work as a chlorophosphonio-phosphine derived from a diphos-
phine. As illustrated in Scheme 1c, in the presence of a trialkyl-
or triaryl-phosphine, chloride ion abstraction from a chloro-
phosphine affords a phosphinophosphonium caidor which
heteroleptic derivativess{ and6g)” and homoleptic derivatives
(6al° and 6h7) have been reported. We have employed this
versatile approach (Scheme 1c) to extend the series of funda-
mental and prototypical phosphinophosphonium cations to
include the heteroleptic derivativéd, 6¢, 6d, and6e

As each derivative 06 can be envisaged as an alkylation

of ‘BuCl (74.9uL, 0.69 mmol) leads to the dissolution of the precipitate . ; . .
and reprecipitation of a new white solid. After 40 min@&t(10 mL) product of a diphosphine gRPR), we have investigated the

was added, and the resultant white precipitate was isolated and washed€actions of diphosphines with alkylating agents, as previously
with ELO (3 x 3 mL). The crystalline product was obtained from the reported for the diphosphene, Mes*PMes*, which gives the
room-temperature diffusion of B vapor into a MeCN solution of methylated phosphanyl-phosphenium triflate [Mes*(Me)P
the white precipitate; 170 mg (85%); mp 15862 °C; Raman (250 PMes*][OTf].24 Similarly, 3'P{*H} NMR spectra of reaction
mW, 25°C, cn?): 2984 (45), 2974 (66), 2947 (37), 2920 (100), 2908 mixtures containing Mg and MeOTf in CHCl, show two
(72), 1461 (11), 1443 (8), 1396 (11), 1379 (6), 1198 (6), 1020 (5), 799 dloublets that are characteristic of [M[OT], 6a[OTH],X° as

(9), 770 (7), 721 (10), 663 (5), 591 (16), 476 (15), 383 (12), 345 (66), depicted in Scheme 2a. While the preparation of [Mes*(Me)P

228 (20), 153 (36), 121 (36)H{*P} NMR (ds-MeCN, 300 K, [ppm]):
o0 = 1.58 (18H,s, CMe3), 2.40 (12H,s, Me); *3C NMR (ds-MeCN,
300 K, [ppm]): 6 = 5.0 (4C,t, Me, 2JCuePo = 18.9 Hz,2ICyePs =
20.2 Hz), 25.1 (6Cs, CMes, not resolved 2JCeouve,Po = —1.7 Hz,
3JCemesPs = 1.2), 38.2 (2Ct, CMes, WICome,Pa = 11.7 Hz,2ICowme,Ps
= —12.6 Hz);3'P NMR (ds-MeCN, 300 K, [ppm]): 6 = 45.8 (2P,s,
JP,Ps = —94.2 Hz). Elemental analysis for&#3:ClsGaP- (659.38)
calcd: C, 21.86; H, 4.59. Found: C, 22.30; H, 4.80.
Crystallography. Single crystals o¥7a[OTf],, 7b[OTf],, 7d[OTf],,

PMes*|[OTf] requires a vast excess of MeOTf (35-fofd),
6a[OTf] is formed as the sole product in an equimolar reaction
mixture of MeP, and MeOTf in CHCI, (Scheme 2a), inde-
pendent of stoichiometry.

Conversely, the reaction of M@, in neat MeOTf occurs as
a slurry which dissolves in nitromethane and shoWe{(H}

(23) Burford, N.; Cameron, T. S.; LeBlanc, D. J.; Losier, P.; Sereda, S.; Wu,

G. Organometallics1997, 16, 4712-4717.
(24) Loss, S.; Widauer, C.; Gizmacher, HAngew. Chem., Int. EA.999 38,
3329-3331.

and 7i[GaCl]. were coated with Paratone-N oil, mounted using a 20
micron cryo-loop, and frozen in the cold nitrogen stream of the
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Scheme 1
R KOR _
@ 2 P-ClI + GaCl, —> R-P-R GaCl,
R ¢l R
5 R = Me or Ph
R KR
(b) 2 P-Cl + MesSIOTf —— RIP-R  OTf
R -Me;SiCl ¢l R
R R\ SRR _
() p=Cl + P-R + MegSiOTf —— R—P-R OTf
R R' -Me;SiCl R R
6a: R' =R =Me
b: R'=Et; R = Me
c:R' = f‘Pr; R =Me
d:R'="Pr; R=Me
e:R'=Me;R=Bu
f:R'=Cy; R=Ph
g: R'=Me; R=Ph
h:R'=R =Ph
Scheme 2
\ / CH2C|2 | / —
(a) P—P + MeOTf — 2p-p oTf
/ \ I\
6a
\ | | oTf
(b) p-F  + neatMeOTt —»  popt
/ N\ L OTf
7a
7a: R'=R =Me
' - ' - b:R=Et;R=M
R +|F'§ P’R or — > R J; E* ot c: R ="Pr; R-I\/Te
—P= t MeOTf —P-P— - PR=FLR=
(©) B R e b OTf d: R =Pr; R=Me
6 - e:R'=Me;R=1Bu
@ \p—p/ + 2GaCl; CeHs | +F|>—|L+ | GaCly
/N 4+ 2tBuC) 71 [ cacy

NMR spectrum of the reaction mixture) quantitative conversion realized that dialkylation occurs in mixtures of M with 2

to the symmetric dialkylated product [R][OTf] 2, 7a[OTf] equiv of GaC} and'BuCl to give 7i{GaCly],, as illustrated in
(Scheme 2b). As illustrated in Scheme Z@[OTf], is also Scheme 2d.

observed{P{H} NMR spectra) as the only product in reaction =~ Compounds6a—€[OTf], 7a—€e[OTf],, and 7i[GaCl]. have
mixtures of6a[OTf] and neat MeOTf. Therefore, alkylation of ~ been characterized in solution BYP{*H} NMR spectroscopy
MeyP», or derivatives o6, offers a versatile synthetic approach (Table 1) and represent examples of isolated homonuclear spin
to access a potentially vast array of hexaalkylated 1,2-diphos-Pairs. For the symmetric cations ire[OTf]2, 7i[OTf]2, and
phonium dications. This is demonstrated by the high yield ClOa]2*the two phosphorus nuclei are magnetically equiva-
preparation ¢ 90%) of compoundgb—e[OTf], in reactions of lent and exhibit identical resonance frequencies independent of

6b—§[OTf] in n_eat MeQTf (SCheme ZC)' .Usmg a procedure (25) Burton, J. D.; Deng, R. M. K;; Dillon, K. B.; Monks, P. K.; Olivey, R. J.
previously applied to triphosphenium caticfisye have also Heteroat. Chem2005 16, 447452,
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Jewx = 'Jowpe= 2.9 Hz
2Joupe = 2Jcupy = -42.8 Hz

Jpe =-19.9 Hz

Op =2844ppm Oyx=2.39ppm &c=7.10ppm

Figure 1. Experimental (upper) and simulated (lowé#}, IH, and3C NMR spectra offgfOTf], (in [2H]s-MeCN, RT); the asterisk indicates small amounts

of impurities.

Table 1. 3P NMR Data (202.46 MHz, [2H]s-MeCN, 300 K) for

i For A, spin systems, analytical solutid&spermit routine
1[CIOg4),, 6a—€[OTf], 7a—e[OTf], and 7i[GaCla)>

analysis. For example, Figure 1 shows #ie, 'H, and 1°C-

IP{H} {™H} NMR spectra for7a]OTf], as well as the band shape
Syssft’;% (‘;(:r:)) 6((;,;;’;) 1@’; analysig? that defines an 4Ag'MgMg XX’ spin system, giving
values forlJ(PxPx') andd(PxPx-) and supporting the assignment

1[CIO4]> AF 40 40 - of the 3!P{1H} NMR signal for 7a[PFs]; at 27.9 ppnt° The
64[OTf] AX 17.60 —59.35 —274.3 known dependence &J(PP)s, on parameters such as oxidation
gtcn[[cc))Tth]] 2§ gi:gg :gg:gg :ggg:g state, coordination number, substituent electronegativity, ster-
6d[OT] AX 36.38 —54.77 ~331.9 eochemistry, and the presence, or absence, of localized electron
66[OTH] AX 42.26 10.81 -382.6 lone pairs may be used to predict the valuesJfPP)s,, but
74[0Tf]> AP 28.44 28.44 —19.9 often the sign oflJ(PP)s, is unknown. In agreement with
7b[OTf]. AX 37.12 28.22 —48.9 previous suggestiort§;2° the absolute signs of th&)(PP)s,
;g[(())Trtf]]zz 25 ig'gi’ gg'gg :‘;i-f values for derivatives o and7 have been tentatively assigned
7dOTH] AX 54.58 3203 —036 to be negative. The complexity of tHél NMR spectrum of
7i[GaCl). AP 45.75 45.75 —94.2 7i[GaCly), precluded simulation.

aA Avld = 10 (AX),

the 13C NMR spectra.

the orientation of the spin pair inBthus resulting in the
observation of an Aspin system. For the nonsymmetric cations
in 6a—€e[OTf] and 7b, d, [OTf],, the difference in resonance

< 10 > 0 (AB), — 0 (Ay). P Derived from
simulation of the experimental spectfaoupling constant not reported in
ref 14.9The absolute sign of th&)(PP)s, in derivatives of7 have been
tentatively assigned to be negativelhe 'TH NMR spectra of7c and 7i
could not be simulated, arld(PaPs) was obtained from the simulation of

The dp values for R listed in Table 1 are greater whep P
bears larger alkyl groups (more methyl groups intheosition
relative to B) implicating a greater shielding due to the “
effect” 39 Nevertheless, all values o are typical for phos-
phonium centers [range 28.4 to 54.6 ppm; Table 1]. The values
of 1J(PP) for derivatives of [range—19.9 to—94.2 Hz; Table
1] are significantly smaller than those of the phosphinophos-
phonium cationss [range —284 to —382 Hz; Table 1]. The
values oflJ(PC), 2J(PC), 2J(PH), and3J(PH) are sensitive to

frequencies of the magnetically and chemically nonequivalent conformational relationships.

phosphorus centers is greater than the magnitude &3@RePy),

and an AX spin system is observed accordingly, while an AB (26) McFarlane, H. C. E.; McFarlane, W.: Nash, JD&lton Trans.198Q 240~
4

spin system is observed f@dOTf],. The NMR data obtained
from simulated fitting of experimental spectra for the derivatives
of 6 and7 are presented in Table 1, together with the reporte
value for 1[ClO4],.1* Additionally, these values were verified
for derivatives of7[OTf], by the simulation of théH or 13C

NMR spectra.

244,
7) Aime, S.; Harris, R. K.; McVicker, E. M.; Fild, MDalton Trans.1976
2144-2153.

d (28) Forgeron, M. A. M.; Gee, M.; Wasylishen, R. E. Phys. Chem2004

108 4895-4908.

(29) Del Bene, J. E.; Elguero, J.; Alkorta,J. Phys. Chem2004 108 3662~
3667.

(30) Harris, R. K.; Norval, E. M.; Fild, MJ. Chem. Soc., Dalton Tran$979
826—831.
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Table 2. Crystal and Refinement Data for 7a[OTf],, 7b[OTf]2, 7d[OTf]2, and 7i[GaCla]»
7a[0Tf], 7b[0TH], 7d[OTf], 7i[GaCly),
formula GeH18F6O6P2S, C11H24F606P2S, C14H30F606P2S2 Ci1oH30P.GaClg
molecular weight 450.28 492.36 534.44 659.34
[g mol]
color, habit colorless, plate colorless, plate colorless, irregular colorless, irregular
crystal system rhombohedral monoclinic _ triclinic orthorhombic
space group R3m P2/c P1 Pna2(1)
a[A] 9.228(3) 15.765(6) 8.750(3) 17.749(2)
b[A] 9.228(3) 11.994(5) 11.566(4) 10.204(1)
CIA] 17.826(5) 24.584(8) 12.245(5) 14.494(2)
o [deg] 90.0 90.0 88.744(6) 90.0
p [deg] 90.0 114.619(5) 74.948(4) 90.0
y [deg] 120.0 90.0 76.431(4) 90.0
VA3 1314.6(7) 4226(3) 1162.3(7) 2625.0(6)
z 3 8 2 4
T[K] 213(2) 173(1) 198(1) 198(1)
crystal size [mrf] 0.35x 0.20x 0.05 0.50x 0.35x 0.10 0.40x 0.30x 0.20 0.20x 0.20x 0.15
pc [mg m™3 1.706 1.548 1.527 1.668
F(000) 690 2032 556 1320
AMoKas 0.71073 0.71073 0.71073 0.71073
Omin [deg] 2.79 1.42 1.72 2.29
Omax[deg] 27.43 27.50 27.50 27.49
index range —11<h=<11 —20=<h=<20 —11<h=11 —22<h=23
—10=k=11 —14<k=15 —13<k=14 —12=<k=11
—22=<1=23 -31=<1=<31 —-15=<1=<14 —-17=<1=<18
u[mm™ 0.569 0.479 0.442 2.987
absorption correction SADABS SADABS SADABS SADABS
reflections collected 3007 28 485 7997 17 073
reflections unique 399 9473 5008 5590
Rint 0.0415 0.0439 0.0170 0.0438
reflection obsd 366 6904 4169 4174
[F > 20(F)]
residual density [e A% 0.503,—0.918 0.652-0.503 0.996-0.627 0.830;-0.424
parameters 29 546 391 227
GOF 1.377 1.047 1.059 0.990
Ri[I > 20(1)] 0.0391 0.0400 0.0479 0.0376
WR; (all data) 0.1061 0.1177 0.1413 0.0819

Compounds7g[OTf] 5, 7b[OTf],, 7d[OTf],, and 7i[GaCl].

those of 7q(OTf],. In 7d[OTf],, the iso-propyl group at C3

have been crystallographically characterized confirming their adopts @ransoidH—C3—P1—-P2 conformation, while thiso-
identities as the first examples of salts containing hexaalkylated propyl groups at C1 and C2 are twisted, leading to a gauche

diphosphonium dications including a symmetrically substituted
derivative {a), nonsymmetrically substituted homoleptic deriva-
tives (7b and7d), and a symmetrically substituted heteroleptic
(71) derivative. Crystal data foraOTf],, 7b[OTf]2, 7d[OTH],,
and7i[GaCly], are presented in Table 2. Table 3 lists selected

H—C—P1-P2 conformation. The €P1-C angles involving
the C atom of théransoid H—C3—P1—P2 moiety are signifi-
cantly smaller [107.7 (1), 110.4(1)than that of the otheiso-
propyl groups (C+P1-C2 114.7(19). This may be explained
by the increase of apparent “1,3-dimethyl strain”, exhibited by

structural parameters for the dications, and Figure 2 shows anshort contacts G7-C9 3.376(8), C8-C10 3.518 A [sum of the

ORTEP view for each dication.

In the solid state, the-PP bonds and SC bonds of7aOTf],

van der Waals radii,(C) = 3.40 AP3 between the two twisted

iso-propyl groups in7d[OTf],. These interactions are illustrated

lie on the same threefold axis with an ideal staggered conforma-by the arrows in Figure 2. The €P1-P2-C4 gauche dihedral

tion [C'—P—Pii—C 60.0(2)], as illustrated in Figure 3. The
—S0; group of the triflate anion is proximal to the dication,

angle @) in 7g[OTf], is crystallographically imposed(= 60°),
in contrast ta7d[OTf]» [w = 40.8(2)], which is influenced by

and the—CF; groups are neighbors between formula units. The the “1,3-dimethyl strain” interaction of PMavith PPrs, thus
cations and anions are hexagonally close packed involving rendering the conformation afd as an intermediate between

H--F contacts [G-H-+F 3.192(3) A; 123.4(19)].3132 In

the staggered and eclipsed conformations. The steric demand

contrast to the crystallographically ideal gauche conformation of theiso-propyl groups in7b[OTf], and7d[OTf], and thetert-

observed for7g[OTf],, 7b[OTf], and 7d[OTf], do not adopt
crystallographic threefold symmetry. Compourfd[OTf],
crystallizes in the monoclinic space gro#2/c with eight
formula units in the unit cell. Although one of the Bgroups

butyl groups in7i{GaCly], is accommodated by relatively long
P—C bonds at the more sterically loaded P1 site’/bfOTf],
and 7d[OTf], [range 1.807(2) to 1.831(3)A] and for thert-
butyl P-C bonds in7i[GaCl], [1.838(5); 1.828(5)A]. Cor-

of the two crystallographically independent molecules in respondingly, the PCHs bonds in 7a[OTf], [1.783(3) A],
7b[OTf], is disordered, the interatomic distances and bond 7b[OTf], and 7d[OTf] [range at P2 1.780(2) to 1.790(3) A],
angles are almost identical in the two independent molecules.and7i[GaCly], [range 1.779(5) to 1.799(5) A] are consistently

The main structural features of the core[OTf], resemble

shorter.

(31) Bondi, A.J. Phys. Chem1964 68, 441—451.
(32) Spek, A. L.J. Appl. Crystallogr.2003 36, 7—13.
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Figure 2. ORTEP view of the molecular structure of the dication7@OTf], 7b[OTf], 7d[OTf]2, and7i[GaCly, in the solid state. Fori only the gt
enantiomer is shown. Arrows indicate “1,3- and 1,4 dimethyl strain” and the rotation which minimizes these interactions. Amplitude displdipsoidst el
are depicted at 50% probability (hydrogen atoms are omitted). [Symmetry cod@a f¢i) —x +vy, 1 —x, z (i) 1 — vy, 1 +x —y, z (i) %3+ x—y,

4/3 A 1/3 — Z.]

Table 3. Selected Interatomic Distances and Bond Angles for
7a[OTf],, 7b[OTf], 7d[OTf]2, and 7i[GaCla]»

7a[0T, 7b[0Tf, 7d[OTH], 7i[GaCly,
[A]
P1-P2 2.198(2y  2.216(1)  2.2370(9) 2.232(2)
P1-C1 1.783(3)  1.807(2)  1.830(3)  1.838(5)
P1-C2 1.810(2)  1.831(2)  1.779(5)
P1-C3 1.811(2)  1.829(3)  1.799(5)
P2-C4 1.780(2)  1.790(3)  1.828(5)
P2-C5 1.786(2)  1.789(3)  1.796(4)
P2-C6 1.787(2)  1.787(3)  1.791(5)
[deq]
P2-P1-C1 107.06(9) 104.1(8)  107.50(9) 118.8(2)
P2-P1-C2 110.1(8)  107.23(9) 106.1(2)
P2-P1-C3 107.5(8)  109.20(9)  103.4(2)
P1-P2-C4 107.42(9) 109.7(1)  116.2(2)
P1-P2-C5 109.69(9) 108.4(1)  108.6(2)
P1-P2-C6 106.68(9) 110.1(1)  101.2(2)
C1-P1-C2 111.77(8)  112.3(1)  1147(1)  112.2(2)
C2-P1-C3 110.3(1)  107.7(1)  107.0(2)
C3-P1-C1 112.2(1)  110.4(1)  108.6(2)
C4-P2-C5 110.7(1)  111.5(2)  110.7(2)
C5-P2-C6 1105(1)  110.0(1)  107.0(2)
C6-P2-C4 111.8(1)  112.3(2)  116.2(2)
[deg]

C1-P1-P2-C#4  60.0(2} 58.3(1) 40.8(2) 56.5(3)

C1-P1-P2-C5 178.6(1)  162.7(1)  176.4(3)
C1-P1-P2-C6 -61.7(1) —77.01) —71.2(3)

aFor comparison: PP in [(EbN)sP—P(NEb)3][ClIO4]2 (1[CIO4]2) =
2.364(3) A and N-P—P—N torsion anglew = 30°.4 ® In Figure 2, the
pP—Pii, P—C, C—P—Pii, C—P—C!, Ci—P—Pi—C numbering scheme
differs from those provided in the CIF files, to allow for a direct comparison
within the text. [Symmetry codes: (iyx+y,1—x 2z (i) 1 —y, 1+ X
—vy,z (i) s+ x—y, Y-y Y- 2]

jugation’®® effects within the bulky substituents. The interaction
of occupiedocy orbitals of the methyl groups in both theo-
propyl (7d) and thetert-butyl groups Ti), with the corresponding
emptyo* pc antibonding orbitals, leads to a transfer of electron
density from bonding to antibonding orbitals as reflected by
P—C bonds which are elongated with respect to typical values.
Computational methods generally assume that saturated chains
of the type AXio (A = C or Si; X = H, F, CI, Br, Me, or
SiH3) only adopt six distinct stable conformers with respect to
rotation around a skeletal-AA bond [AAAA dihedral angles
of w 60° (gauche), 180(trans), andv 90° (ortho)]33 Recently,
electron diffraction studies of Sile;¢*® have shown the presence
of the anti and gaucheconformer in the gas phase. Cati@n
can be considered a solid state example §X# (P.CoMe),
existing as a racemic crystalline material with two enantiomeric
gauche forms (¢, g—) exhibiting C-P1-P2—C4 dihedral
angles ofw = 56.5(3) (right-handed helix, ¢) and w =
—56.5(3) (left-handed helix, g). The “1,3- and 1,4-dimethyl
strain” in 7i leads to a C*-C* separation of 3.933(7) A, as
indicated in Figure 2, primarily through clockwise rotation of
the twotert-butyl groups. This interaction explains the decrease
of the dihedral angle fromv = 60.C° (ideal staggered) to
56.5(3) (Table 3).

The P-P bond lengths in the cyclic compoun?® 3,16 and
417 [range 2.165(2)2.2498(9) A] are shorter than that i34
[2.364(3) A] perhaps due to the restrictions imposed by the
cyclic structures. However,-FP bonds in7a, 7b, 7d, and7i
[range 2.198(2) to 2.2370(9) A] are very similar to those
observed in neutral, anionic and cationic cyclic, and acyclic

NBO analysi&* calculations based on the structural param- Catenaphosphorus compounds [2.17 to 2.24 A]. Preliminary

eters observed in the solid state indicate “secondary hypercon-(

(34) Reed, E. D.; Carpenter, J. E., and WeinholdNBQ, version 3.1; 2006.

35) Reed, D. E.; Weinhold, Hsr. J. Chem.1991, 31, 277-285.
(36) Belakov, A. V.; Haaland, A.; Shorokhov, D. J.; West, R.Organomet.
Chem.200Q 597, 87—91.
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Figure 3. (1) Unit cell of the solid-state structure @8{OTf], viewed down
the c-axis. (Il) Perspective view of the cation/anion arrangement parallel
to the c-axis.

MO and NBO calculations offa support the existence of a

-0.087 -0.087
CH
CH,3 CH;
< 5
S R
-0.087 S|+ S+ -0.087
0.8613
H3C 0.9311QP1.262 I.262QP oosir CHa
s 3
S S
CH; CH;
-0.087 0.087

Figure 4. NBO analysis offafOTf], along with the WBI (italic) and NPA
charges (roman) with hydrogen atoms summed into heavy atoms.

centers and are in agreement with the calculated NLMO bond
order 0.9527, the Wiberg bond indices (WBI), and the calculated
partial charges (Figure 4). The calculated natural atomic orbital
population (NAO) net charges agP) = +1.270,q(C) =
—1.080, andy(H) = +0.330 indicating that the positive charge
is principally located on the phosphorus atoms. This further
suggests that the-#P bond length is independent of both the
coordination number and the valence state of the phosphorus
atoms. The P-P bond length does, however, correlate with the
change in the observed dihedral anglesf 30° (1) < 40.8(2y

(7d) < 56.5(3y (7i) < 58.3(1) (7b) < 60.0(2) (7a), Table 3].

Summary

Dialkylation of P-P diphosphines, as well as methylation of
P—P phosphinophosphonium cations, provide versatile synthetic
approaches to fundamentally important prototypical examples
of hexaalkylated diphosphonium dications that define the origin
of a potentially extensive and diverseatenaphosphorus
chemistry, parallelingatenacarbon chemistry. The quantitative
nature of the reactions bodes well for the development of
polyphosphonium chemistry.
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typical, localized single bond between the two phosphonium JA071306+
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