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Rotational spectra for two isotopomers of bromoferrocene were measured using pulsed-beam
Fourier transform microwave spectroscopy. Transitions were observed fof*Bneand &'Br
isotopomers in the 5—-9 GHz range. Rotational constants and the quadrupole coupling tensors were
obtained from the data. The rotational constants and quadrupole coupling parametéBs foe
A=1272.11Q1), B=516.112%2), C=441.377%2), €Qq,,=267.163), eQq,,= —409.8%4),

and eQq,,=21.494), and those for 8Br are A=1271.04%4), B=510.00792), C
=436.768T72), eQq,,=225.4(6), eQq,,= —341.624), andeQq,,=15.654). Themeasured
rotational constants were used to determine the following structural parameters of bromoferrocene:
r(Fe«CsHs))=1.632), r(Fe«CsH,Br))=1.643), r(C-Br)=1.875(11), and r(C-C)
=1.433(1) A. The values of the quadrupole coupling parameters in the principal quadrupole axis
systems and the C—Br bond axis systems are compared with similarly derived parameters for
chloroferrocene, chlorobenzene, and bromobenzene. Previous data for chloroferrocene has been
reanalyzed to obtain refined quadrupole parameters.1997 American Institute of Physics.
[S0021-960607)03241-9

INTRODUCTION rocene. The quadrupole coupling in these compounds will be
discussed, as it reveals information on the bonding interac-
The characterization of the structure and bonding of fertions in the compounds.
rocene by Wilkinsohwas an important step in the develop-
ment of organometallic chemistry. The unusual and unexEXPERIMENT

pected = bondmg of th_e _cyclopentad|enyl radiceCp) tp Preparation of chloroferrocene was reported previously.
metals resulted in surprisingly stable complexes, of which 8 g o jorobenzene sample was purchased from Aldrich and
enormous number of examples have been studied since ey without further purification. The preparation of bromo-
initial work in the early 1950's. Ferrocene and ferrocene desgrrgcene was performed in two phases. The first phase was
rivatives have been of considerable interest and widely studne preparation of chloromercuriferrocene, which was then
ied in order to charactgnze FhIS type of bonding. It has beeReacted with N-bromosuccinimide in the second phase to
shown from electron diffraction measuremérttsat the gas- produce bromoferrocene. The method chosen was adapted

phase ferrocene structure is very similar to the well knownfrom the method described by Fish and Rosenblum.
solid state “sandwich” structure from x-ray work. This same

basic structure was obtained in a previous gas-phase micr
wave study of chloroferrocerieNo previous gas-phase Chloromercuriferrocene

structure determinations had been done on substituted fer- A solution of 46.5 g of ferrocene in 250 mL of benzene
rocenes prior to the study of chloroferrocene. The only prewas reacted with a solution of 40 g of mercuric acetate in
vious spectroscopic studies of bromoferrocene were dong875 mL of methanol for 10 h under inert atmosphere. Sub-
with Mossbauer spectroscdpin the solid phase. Bonding in - sequently, a solution of 11 g of lithium chloride in 100 mL of
the ferrocene complexes is also of interest because th&50% ethanol-water mixture was added dropwise to the re-
n°-type 7 bonding is observed for a wide range of com- action vessel, resulting in a bright orange precipitate. This
plexes where a Cp group is bound to a metal atom. Botimixture was then stirred for 2 h, followed/Hd h of reflux.
chlorine and bromine contain quadrupolar nuclei. CouplingThe crude chloromercuriferrocene was extracted with meth-
of these nuclear quadrupole moments with the electric fielgy/lene chloride in a soxhlet extractor and any remaining fer-
gradients is observed as line splitting in the microwave speccocene was removed by sublimation. The resulting product
trum and can be used to investigate and characterize th&as in the form of golden yellow plates.

bonding in these complexes. In this report, the data for bro-

moferrocene have been used to determine effects of bondingromoferrocene

interactions between the Br atom and the Cp ring. Previous A solution of 1.2 g of N-bromosuccinimide in 100 mL of
data on chloroferrocene have been reanalyzed with the aid @fimethylformamide was reacted with a solutioh g of
new data obtained on chlorobenzene. New measurementfloromercuriferrocene in 50 mL of dimethylformamide at
were made for chlorobenzene so that better quadrupole p&-°C with stirring. This solution was allowed to react under
rameters would be available for comparison with chlorofer-inert atmosphere for 3 h. Then, 200 mL of 10% aqueous

Synthesis
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TABLE |. Measured and calculated frequenci@éHz) for the "°Br isoto- TABLE IIl. Measured and calculated frequenci®éHz) for the 82Br isoto-
pomer of bromoferrocene. Listed errors in the frequencies arélht.” is pomer of bromoferrocene. Listed errors in the frequencies arélht.” is
the approximate relative intensity in millivolts of signal. the approximate relative intensity in millivolts of signal.

Measured Calculated Difference InU};p,Ko, 2F" Jkpko 2F Measured Calculated Difference InUI’(p’Ko’ 2F" Jkpko 2F

5579.835907) 5579.83182 0.00408 25 o6 15 55 13 5522.506808 5522.509 94 —0.00344 12 G 15 5 13
5581.235@018) 5581.23456 0.00134 15 o6 9 5455 7 5523.831018) 5523.83410 —0.00310 08 & 9 5y 7
5586.357916) 5586.35564 0.00226 18 o6 13 55 11 5527.922111) 5527.92429 —0.00219 20 G 13 5 11
5588.876812) 5588.87444 0.00186 05 o6 11 55 9 5530.025¢14) 5530.02949 —0.00359 15 G 11 55 9
5724.536007) 5724.53097 0.00503 18 ,6 13 5, 11 5708.673859) 5708.67642 —0.00262 03 § 11 55 9
5763.24725) 5763.24664 0.00056 10 46 15 5y 13 5724.710457) 5724.70911 0.00129 15 46 13 55 11
5775.414016) 5775.41486 —0.00086 05 6 15 5, 13 5734.885139) 5734.88613 —0.00103 03 6 13 5, 11
5777.723026) 5777.71963 0.00337 05 46 11 55 9 5802.983144) 5802.98111 0.00199 05 . 9 545 7
5788.311739 5788.31852-0.00682 10 6 11 5, 9 5803.578639) 5803.57912 —0.00062 05 6 15 5 13
5790.777722) 5790.77803 —0.00033 05 §, 13 55 11 5810.233912) 5810.23585 —0.00195 12 6, 9 5,5 7
5801.884(08) 5801.88166 0.00234 07 L6 13 5, 11 5811.838803) 5811.83856 —0.00026 18 6, 15 5, 13
6186.620642) 6186.62013 0.00047 20 o7 15 6, 13 5812.549610) 5812.54640 0.00310 40 ,6 13 5, 11
6191.182%24) 6191.18387 —0.00137 15 §, 13 6, 11 5813.861922) 5813.85966 0.00224 25 6 11 5, 9
6191.979%27) 6191.97959 —0.00009 18 3 17 6, 15 5818.522044) 5818.52345—0.00145 05 6 11 55 9
6382.541010) 6382.54345—-0.00245 20 ¢, 17 6, 15 5818.604(25 5818.60234 0.00166 10 6 13 5 11
6384.589715) 6384.59493-0.00523 08 7, 11 6,5 9 6111.700622) 6111.70205-0.00145 04 §, 15 6, 13
6385.288109) 6385.29095 —0.00285 12 ¢, 15 6, 13 6315.389206) 6315.38454 0.00466 10 .7 17 6, 15
6388.206421) 6388.21040 —0.00400 20 7, 13 6, 11 6317.210017) 6317.20837 0.00163 08 ,7 11 65 9
6463.295014) 6463.29395 0.00105 25 o7 17 6 15 6317.709911) 6317.70519 0.00471 10 .7 15 6, 13
6464.344810) 6464.34493 -0.00063 17 g 11 65 9 6320.144017) 6320.14178 0.00222 07 .7 13 6, 11
6469.247013) 6469.247 14 —0.00014 14 3, 15 6y 13 6397.394420) 6397.39239 0.00201 12 7 17 6 15
6471.266615) 6471.26821 —0.00171 18 g 13 6 11 6398.388111) 6398.38817 —0.00007 10 g, 11 65 9
6658.794428) 6658.74561 0.00429 17 ,7 17 6 15 6402.380815) 6402.38010 0.00070 10 o7 15 6 13
7279.110921) 7279.11006 0.00084 25 .8 19 7, 17 6404.041806) 6404.04001 0.00149 10 o7 13 6 11
7280.726607) 7280.72931-0.00271 18 § 13 7, 11 7265.987420) 7265.98897 —0.00157 20 § 19 7, 17
7281.446714) 7281.44731-0.00061 20 § 17 7, 15 7266.749712) 7266.75308 —0.00338 11 § 13 7, 11
7283.840920) 7283.84240 —-0.00150 16 § 15 7, 13 7270.129820) 7270.13052 —0.00072 13 § 17 75, 15
7340.720809) 7240.71887 0.00163 23 o8 19 7, 17 7271.650409) 7271.65119 —0.00079 15 g 15 7,; 13
7341.459628) 7341.45961 —0.00001 10 & 13 7, 11
7345525(21) 734552386 0.00114 25 8 17 75 15
7347.479626) 7347.48271-0.00311 25 8 15 7, 13
8214.727141) 8214.72146 0.00564 20 o9 15 8, 13
8220.027759) 8220.02995-0.00225 20 9 17 8 15 tained at 45-60 °C to produce sufficient vapor pressure of
8309.541666) 8309.53862 0.00298 04 ,9 17 8 15 bromoferrocene. The vapor was mixed with neon at 0.6—1.0
8309.725184) 8309.72673 -0.00163 03 9 19 8s 17  zim and pulsed into a Fabry-Perot microwave cavity for ob-
servation of the spectra. The microwave pulse length was

typically 0.1 us, and the observed linewidthfull width at

sodium thiosulfate solution were added to the reaction veshalf maximunj (FWHM) were about 20 kHz, with the neon
sel, resulting in a dark brown solution, and this was pouredarrier gas. The statistical uncertainty in line center measure-
over 2 L ofice. The crude product was extracted with four MeNts ranges from 0.3 to 8.4 kHz, depending on line strength
100 mL portions of petroleum ether and dried overnight on@nd residual broadening due to unresolved components. This
magnesium sulfate. The product was recrystallized from meStatistical uncertaintylo) is given in parentheses for each
thylene chloride and sublimed, leaving golden yellow plategransition in Tables 1-V. Systematic errors are much smaller
melting at 31—32 °lit. mp 30—31 °Q.5 Characterization of than this uncertainty, since frequency calibrations were made
this compound was performed on a Nicolet FTIR instrumentVith respect to WWVHNIST, VLF Radio Station, Boulder,

in a gas cell; infrared transitions typical of a singly substi-CO)- Transitions of moderate intensity were observed for
tuted ferrocene were observed at 3092sf 1407.1(m), bromoferrocerje, with typical quadrupole splitting patterns of
1379.0(w), 1357.7(w), 1340.6(m), 1178.1(w), 1150.0(m), ~ @n asymmetric top fod’«—J=6«-5 through 9-8. The
1105.2(s), 1053.9(vw), 1018.7(m), 1008.9(w), 998.9(m), measured transitions are listed in Tables | and Il. Approxi-
870.4(m), 815.8(w), and 806.3m). These observed infra- Mate relative intensities are listed in the “Int.” column. The

red (IR) transitions have not been previously reported buSample of chloroferrocene was rescanned in Jhe5—4
agree well with the analogous IR transitions of région for better determination of high K quadrupole split-
chloroferroceng. ting patterns in thé’Cl isotopomer. Nineteen new transitions

were measured, and listgttansitions with*) in Tables IlI

and IV, along with previous dataThe previous dafd for

chlorobenzene were rather limited, so new measurements
The microwave spectrum was scanned in the 5—9 GHzxvere made on chlorobenzene to allow comparison with the

range using a Flygare-Balle type spectrometer sySt@ime  results of new analyses of chloroferrocene data. More than

sample and pulse valvieneral Valve 9-181were main- 50 new strong transitions for chlorobenzene were measured

Microwave measurements
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TABLE lIl. Measured and calculated frequenci@dHz) for °Cl chlorof- TABLE IV. Measured and calculated frequenci@éHz) for 3’Cl chlorof-
errocene. Frequencies marked with an asterisk were not reported in therrocene. Frequencies marked with an asterisk were not reported in the
previous publicatior(Ref. 3. previous publicatiorRef. 3.

Measured Calculated Di’rference]}’(p,Ko, 2F" Jkpko 2F Measured Calculated Di’rferenceJ};p,Ko, 2F" Jkpko 2F
*4129.985616) 4129.98436 0.00124 3 7 2, 5 3051.055921) 4051.05446  0.00144 o3 9 25 7
4132.123813) 4132.12106 0.00274 3 9 2, 7 *5329.299817) 5329.299 91 —0.00061 4, 9 3y 7
5309.582720) 5309.5818  0.00085 4 9 3, 7 35329.334832) 5329.32795 0.00685 # 7 393 5
5310.411%20) 5310.41039 000111 .4 11 3; 9 *5331.030415 5331.03004 0.00036 4 11 3, 9
5433.462424) 5433.46118 0.00122 4 9 3, 7 a’gigégggg% Zigé-ggi ;g 006886724 éﬁ} g 203 3
5433570153 543356558 0.00452 4 7 33 5 . : -0. 5 14
5435.768815 5435.76953 —0.00073 4, 11 33 9 6481.083821) 6481.08581 —0.00191  5g 11 4, 9
5435.872041) 5435.87301 —0.00101 4, 5 3i 3 6481229%3; 6481.23087 —0.00157 35 7 4y 5
6474.698410)0 6474.69679 0.00161 5 7 4, 5 6481.671 6481.67284 —0.00124 5 13 4, 1
6475.584926) 647558553 —0.000 63 5 9 4, 7 6577.230412) 6577.23446 —0.00406 %5 9 by 7
6475.714%08) 647571213 0.00207 5 13 4, 11 22;;-%;32 gg;g-%g 22 006881220 55 171 204 g
6476.623105) 6476.62143 0.00167 5 11 4, 9 : : -0. 5 04
6611.05785 6611.05695 0.00035 .5 11 4, 9 g;gg-gg%g g;gg-gg ;g 006880325 515 191 204 57’
6611.260915 6611.26084  0.00006 ;5 7 4, 5 : - -9 5 04
6611.812009 6611.81056 0.00144 .5 13 4, 11 2;23'332&? g;gg-ggi gg - 0-008(1)0932 35 173 204 151
6 704899610 670490616 ~0.00656 3 9 4o 7 *6826.97411122)5) 6826.97346  0.000 74 lg 11 424 11

6704.929¢17) 6704.92392 000528 o5 11 oy 9 *6828.086(25) 6828.086 57 —0.000 57 52 11 423 9
6706.9103% 6706.91104 —0.00084 55 13 4, 11 *6828-244075) 6878250 64 —0.006 64 51 ° 422 .
6839.358 6839.35944 —0.00144 55 11 4y, 9 . : : :

6843.007113  6843.00947 —0.00237 5§55 13 4y, 11 *gggg'igigg gggg'igg g; 0'008(2)30;3 5% 173 323 151
6967.190423  6967.19293 ~0.00258 5, 11 45 9 *6830'275?_15) 6830.27487  0.000 33 25 7 42 7
6967.393%21)  6967.39555 ~0.00205 5, 9 A 7 *6917.494619) 6917.49287  0.00173 5 13 45, 11
7053.599714) 705359813  0.00107 5 11 4y 9 .

6917.803633) 6917.80369 —0.00009 5, 7 4y 5
7054.831768) 7054.83398 —0.00228 5, 13 4, 11 “6018.320017) 6018.32044 000046 & 11  4r 11
*7055.402743) 7055.39919  0.00351 5 7 4, 5 7094.6 45816) 700 4646 15 —0.000 25 54 7 412 5
7055.927(85  7055.929 63 —0.00263 5, 13 4, 11 7666.936681) 7666.93945 —0.00285 6. o 5. 7
7060.875213  7060.87631 —0.00111 3 11 4, 9 7667.107473 7667.10432 0.00308 § 11 5. 9
7061.186022  7061.18643 —0.00033 5, 9 4 7 7667.417090) 7667.42021 —0.00321 G, 15 55 13
7061.536243) 7061.536 43 —0.00023 5, 13 4, 11 7667.574661) 766757496 —0.00036 6, 13 5. 11
7061.857041) 7061.85486 0.00214 4§ 7 4, 5 7747.083R24) 7747.08286 000034 6 11 5. 9
7097812914  7097.81261 000029 5 13 4y 11 7747.302848) 7747.38749  0.00531 .6 13 55 11

7097.851830) 7097.84819  0.00331 5 11 45 9 7747.61488) 7747.61391 000039 .6 9 55 7
7097.95381)  7097.95499 —~0.00169 3 7 4y 5 7747.932678) 7747.93049 000211 .6 15 5. 13
7236.006615  7236.00747 ~0.00087  §, 11 43 9 7810.858016) 7810.85759  0.00131 5 11 55 9

7485.688721) 7485.69057 —0.00187 &5 15 5, 13 7810.947445) 781094972 —0.00232 6, 13 5y 11
7827.766846)  7827.76476  0.00214 f 9 55 7 7812.009460) 7812.00569  0.00371 9 55 7
7827.938010) 7827.93265 0.00535 £ 11 55 9 7812.120819) 7812.12073  0.00007 H 15 55 13
7828.357779)  7828.36075 —0.00305 G 15 55 13 9005.493933) 9005.49128  0.00262 7 13 6, 11
7828.523015 782851602 0.00698 f 13 55 11 9006.205110) 9006.20385  0.00125 7 17 6, 15
7901.735827)  7901.73500 0.00050 .6 11 55 9 9043.231247) 904322991  0.00129 o 13 6y 11
7902.114(28)  7902.11385 0.00015 .6 13 55 11 9043.363836) 9043.364 87 —0.00137 3 15 6y 13
7902.426214)  7902.42423  0.00197 6 9 55 7 9044.059063) 9044.05969 —0.00069 3, 11 65 9
7902.814961) 7902.81784 —0.00294 G 15 55 13 9044.198%63) 9044.20062 —0.00172 3 17 6y 15
7962.836638) 7962.84034 —0.00374 Gy 11 5 9
*7962.942440) 7962.95079 —0.00839 &g 13 55 11 #These lines were previously reported with differénvalues. These misas-
9147.080947) 9147.07709 0.00381 o7 17 6,5 15 signments are likely to be the major contribution to the uncertainty in
9184.826235) 9184.82702 —0.00082 3, 13 6, 11 €Quap, reported previously.

9185.111830) 918511313 —-0.00133 3, 15 6, 13

9185.445123) 918544593 —0.00083 7, 11 6 9

9185738872 9185.74009 —0.00179 %, 17 64 15 in the 4.8 to 6 GHz range. The new data include2+1, R
9220.29969)  9220.29628 000332 o/ 13 6 11  pranch andJ=5, Q branch transitions, and are listed in
9220.464784) 922046349 0.00121 f 15 6y 13 Table V.

*9221.350851) 9221.35770 —0.00690 §; 11 65 9

9221534843 9221.53351 0.00079 f 17 6 15

*9258.629P41) 9258.62990 —0.00070 7, 13 6 11 RESULTS AND DATA ANALYSIS

9260.104669 9260.10540 —0.00080 7, 11 6, 9

9260.200753 9260.19717 0.00353 7 17 6, 15 Bromoferrocene

18 jgi'gigﬁﬁg) 18 jgi'gig j: _0-(?8813?2 8 1? ;07 12 The observed transitions were fit using eight adjustable

10 482:1982247; 1048219813 0.00037 zg 13 7;’; 1 parameters in the Hamiltonian for each isotopomer. The ad-

10482.389%52 10482.38340 0.00580 o8 19 7y 17 justable parameters were the rotational and distortion con-

stantsA, B, C, D;, andD;k and the quadrupole coupling
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TABLE V. Measured transition frequencies f8iCl- and ®’Cl-benzene. “Meas.—Calc.” columns list the dif-
ferences between measured, and the “best fit” calculated frequencies. Frequencies are listed in MHz.

35CI frequency Meas.—Calc. 3Cl frequency Meas.—Calc. ‘]I,<p’K0’ 2F’ Jkpko 2F
5124.150236) 0.001 19 4874.19246) 0.003 08 94 11 55 11
5124.501(06) —-0.00191 4874.46699) —0.002 90 54 9 5.5 9
5125.41524) 0.000 24 4875.19282) 0.002 00 9 13 55 13
5125.767852) —0.000 76 4875.46628) —0.003 42 94 7 55 7
5264.319208) —0.000 77 5141.870698) —0.001 62 3, 5 11 3
5270.230706) —0.001 14 5146.527429) —0.002 18 25 3 1, 3
5273.870203) —0.001 47 5149.40Q06) —0.000 63 2, 5 11 5
5278.505916) —0.002 12 5153.046321) —0.002 77 25 1 1, 3
5279.781820) —0.002 24 5154.05623) —0.001 79 25 3 1, 5
5282.094110) 0.000 73 5155.88568) —0.000 31 25 7 1, 5
5287.429€04) —0.000 29 5160.08327) —0.000 75 2 3 1, 1
5295.702746) —0.003 37 5166.60323) —0.000 44 3, 1 11 1
5582.483803) 0.000 05 5446.183%2) 0.000 11 2 3 1 1
5584.053405) —0.000 38 5447.42034) —0.000 05 2o 5 101 5
5596.750807) -0.001 71 - - 2 3 log 5
5600.159713) 0.000 96 5460.12645) 0.000 22 2 1 101 1
5601.761906) 0.00175  5461.38531) 0.002 87 2 7 1og 5
5601.850245) 0.001 66 5461.44612) —0.000 93 2 5 1 3
5614.546907) 0.000 13 5471.45385) 0.000 45 2o 3 1o1 3
5632.222P12) 0.000 14 5485.39605) —0.000 24 2 1 1 3
5950.652703) 0.001 31 5794.384099) 0.001 72 21 5 10 3
5957.480110) 0.000 46 5799.76517) 0.000 77 2 3 1 3
5958.898103) 0.000 79 5800.885Q0) 0.001 20 2 5 1 5
5965.725217) —0.000 37 5806.26487) —0.000 15 31 3 10 5
5967.060206) —0.000 05 5807.31206) 0.000 75 2 1 1, 3
5968.427620) 0.003 42 5808.39920) 0.002 71 21 7 10 5
5972.344814) 0.00161  5811.47937) 0.001 55 2 3 150 1
5981.924204) 0.000 90 5819.02482) —0.000 48 21 1 10 1

strength®Qaq,,, eQq,,—eQ0.., andeQaq,,. For inclusion tions to above 200 kHz. This parameter was not required to
of the off-diagonal quadrupole tensor elemefq,,, itwas  obtain reasonably good fits in the previous analyses of chlo-
necessary to use the fitting programs written by Piclaitl  roferrocene datd,but more consistent results are obtained
co-workers in all data analyses. A total of 63 lines werewhen it is included. The distortion constants for bromofer-
included in the fits, 35 fof°Br- and 28 for®'Br-ferrocene. rocene were found to be small and no effects of internal
Standard deviations for fits to the measured transitions wermtation were observed, in agreement with the previously ob-
less than 3 kHz. The values of the parameters obtained amerved rigidity of chloroferrocene.

listed in Table VI. Only three measured lines were not in-  Structural parameters were determined from the six
cluded in these fits. These transitions may have been due tvailable rotational constants in a four parameter least
Q branches or other isotopomers. The off-diagonal elemergquares fit with the following assumptions) The carbon

in the quadrupole coupling tensor was required for a satisrings are assumed to be coplangrLacal C5 symmetry was
factory fit to the data. Exclusion of this parameter from theassumed for the carbon and hydrogen atomsTi® C-H

fit (settingeQa,,=0.0 MH2) increased the standard devia- bond length was fixed at 1.08 A) Zhe angle of the C—H

TABLE VI. Molecular parameters for the two isotopomers of bromoferrocene and new parameters for chloro-
ferrocene using an estimated value &0, . Listed uncertainties areo2

Parameter Br 8igy 3¢l s1Cl
A (MHz) 1272.1101) 1271.04%4) 1370.0012) 1361.9793)
B (MHz) 516.112%2) 510.00792) 767.34042) 751.53663)
C (MHz) 441.377%2) 436.76872) 634.88421) 622.35402)
D« (kH2) 0.292) 0.2636) 0.11(1) 0.112)
D, (kHz) 0.0291) 0.0212) 0.0331) 0.0342)
eQa, (MHz) 267.163) 225.4G6) —8.974(7) ~8.67(1)
eQq,—eQq.  (MH2) 310.154) 256.7a3) —65.79(5) ~50.26(2)
eQa, (MHz)  —409.81(4) —341.62(4) 53.42 42.42
o (kH2) 2.8 1.1 2.9 2.9

#These values were fixed, see text for discussion.
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TABLE VII. Structural parameters for chloroferrocene and bromoferrocene.
Listed uncertainties ares2 The last row contains standard deviations for the
fits, denoted by

Parameter XBr X=Cl
Fe—Cp A) 1.632) 1.6105)
Fe—CpX R 1.673) 1.6932)
c-Cc R 1.4331) 1.43322)
Cc—X R) 1.87511) 1.7054)
o (kHz) 12 26

bond to the carbon plar@esignated as thes€H anglg was
fixed at 4.6°, the value found for the gas-phase structure ol
ferrocene using gas-phase electron diffracti¢@ED)
methods’ 5) The bromine atom is assumed to be in the plane
of the five carbon atoms of the Cp group. The four param-
eters necessary to describe the structure of bromoferrocene
after these assumptions are made are the Fe_Cp perpendi(ﬁ!ﬁ. 1. Axis systems for the haloferr_ocenes. Theu, and x axgs _are .
lar distance, the Fe—CpBr perpendicular distance, the C_@;r?)lzlstc;reach other and are perpen_dlc'ular to the page. The principal iner-
e tha, b, andc axes, the principal quadrupole axes areuhe,
bond length, and the C—Br bond length. The analoqou%ndw axes, and the C—X=CI,Br) bond axes are the, y, z axes.
analysis of the structure for chloroferrocene indicated a cor-
relation between the angle of the hydrogen atoms with re-
spect to the € plane and the Fe—CpX (XH,Cl) param- lems: ) The bond axis system was not aligned with the
eters, and therefore, this angle was fixed at the valugrincipal quadrupole axes of the electric field gradient, and
determined from the GED analyses. Since no deuterated istherefore, the assumption that these two axes were aligned
topomers of bromoferrocene were measured in this study, theas not entirely valid; and)2the off-diagonal quadrupole
same assumption was made for the angle between the C—parameter was assumed to negligible. In order to improve the
bonds, and the £carbon plane. analysis, it was necessary to estimate a reasonably accurate
The fit to determine the structural parameters using th&alue for the off-diagonal elemertQaq,,. Due to the small
rotational constants yielded standard deviations of only 1¥alue ofeQaq,,, and the relatively small effect it has on the
kHz for bromoferrocene and 26 kHz for chloroferrocenespectrum, it was not accurately determinable from a least
(Table VII). However, changes in the symmetry assumptionsquares fitting analysis of the spectra. This off-diagonal pa-
or values of the assumed parameters would be likely to inFameter was weakly correlated with the other quadrupole
troduce larger error contributions than those given in Tablgerms and the distortion constants, and it changed consider-
VII. The uncertainty in the &-H angle is quite large, and ably when lines were added or subtracted from the fit. It
this would contribute to propagated errors in the Fe—Cp andeemed necessary to estimate a reasonable value of this pa-
Fe—CpX distances. The errors given for the listed structuratameter,eQq,y,, in order to accurately determine the seven
parameters include the propagated errors from the value a&maining parameters. This off-diagonal term was estimated
the G—H angle, whenever this propagated error exceeded 2using the structurally determined angl;, the angle be-
from the structure fit. The structural parameters obtained are
listed in Table VII.

Chloroferrocene

Previous work on chloroferrocene produced accurate
structural results, but the analysis of the quadrupole coupling
was hindered by the lack of data for the off-diagonal param-
eter, eQq,,. Matrix rotation of approximate quadrupole
coupling parameters from the bond axes into the inertial axes
showed this term is likely to be smdless than 60 MHgin
comparison with the rotational constants. The off-diagonal
elements only contribute small perturbations to the energy
levels. Therefore, neglect of this parameter was not expecte«
to introduce much error into the data analyses. However,

values of the quadrupole coupling components in the bond o
|G. 2. The halobenzene C£X=CI,Br) bond axis is parallel to thea”

axis system reported prewously showed dlsagreement b%]ertial axis. For direct comparison with the bond axes of the haloferrocenes,

tV_Veen quad_rUpOIe asym_metry para_me_té:ﬁ_; obtained for the halobenzena, b, andc axes correspond to the y, andx axes of the
different Cl isotopes. This was an indication of two prob- haloferrocenes, respectively.
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TABLE VIII. Quadrupole coupling parameters for Cl- ferrocene and Br-ferrocene in the principal inertial axes
(abc), the principle quadrupole axeggfw) and the C—X bond axex{2) systems. Values for Cl-benzene and
Br-benzene are includeast three rowsfor comparison with thexyz and uvw components of the halofer-
rocenes.

9Br 81gy 3¢l scl
eQa, (MHz) 267.163) 225.406) —8.974(4) —-8.67(1)
eQay, (MHz)  —409.81(4) —341.62(4) 53.42 42.42
eQaq,p (MHz) 21.494) 15.654) —28.41(5) —20.80(6)
eQq.=eQq,=eQq, (MHz) —288.66(4) —241.05(4) 37.3%) 29.476)
eQq, (MHz)  —283.49 —236.83 35.61 28.12
eQyy (MHz) 572.15 477.88 —72.98 —57.59
0p ©°) 36.7 36.58° 50.2 497
Og ) 38.7 38.8 51.8 50.7
eQq,y (MHz) —282.38 —235.91 35.52 28.05
eQq,, (MHz) 30.85 25.66 —-3.08 —2.47
eQq,, (MHz) 571.03 476.95 —72.89 -57.52
7(CpFeGH,X) -0.011 -0.011 —-0.025 —-0.025
eQa, (CeHeX) (MHz) 558.913) 464.118) —71.234(1) —56.144(1)
eQay, (CeHsX) (MHz)  —292.5(5) —242.7(7) 38.218) 30.12G3)
7(CeHsX) —0.046(4) —0.046(7) —0.07296(3) —0.07295(4)

&This angle represents the matrix rotation angle necessary for diagonalization ok thélack matrix of the
quadrupole parameters along thendb axes. Theu, v, andw axes correspond most directly with they,
and z axes, respectively. Tha and b axes of the halobenzenes correspond to zhend x axes of the
haloferrocenes.

bThese angles were determined from the structural parameters via rotation from thefb@dystem into the
desired ky2) coordinate system.

tween thea andz axes, and the relation between the quad-would be a residual off-diagonal element in thgz bond
rupole coupling tensor elemenfgrimarily %) of chloroben- axis system due to the slight misalignment of the bond axes
zene. The parameters obtained from this revised analysisyith the principal quadrupole axes. This off-diagonal term in
with some new data, are given in Table VI. the bond axis systems is expected to be small because the
The quadrupole coupling tensors obtained for bromoferprincipal quadrupole axis systems and the bond axis systems
rocene, chloroferrocene, bromobenzene, and chlorobenzerae only slightly misaligned, and all quadrupole coupling el-
in various axis systems, are shown in Table VIIl. The axesements are much smaller for chloroferrocene. For compari-
are shown in Figs. 1 and 2. Comparison of the bromoferson purposes, the principal quadrupole coupling tensors and
rocene quadrupole coupling constants in the bond axis syshe bond axes quadrupole coupling tensors can be calculated
tem with those of bromobenzelfeshow remarkable agree- after the value ofeQq,, is assumed, but the accuracy of
ment. The similarity between the C—Br bond in the two ringthese values will reflect the errors in this mo@esdtimated to
systems produces quadrupole coupling parameters within 54%e about 10%
of each other. Accurate values for the rotated quadrupole Analyses of quadrupole coupling in the bond axis sys-
coupling tensor could be obtained because the off-diagonaéms of both haloferrocenes required determination of the
term in the bond axis system was well determined in theangle of rotation from theabc (inertial) axes to thexyz
bromoferrocene spectral fit. The chloroferrocene quadrupoléond axes. This angle was determined from the structural
coupling tensor is approximately one order of magnitudeparameters after transformation to the center of mass frame
smaller than that of bromoferrocene, and therefore, the corfrom thexyz frame using the following matrix rotation,
tribution of the off-diagonal terms in the quadrupole cou-
pling tensor are considerably smaller. This made the param- cos® -—sin®; 0

o ree . z a
etereQq,,, quite difficult to accurately determine from the :

sin®; cos®; O||y|=|Db
spectrum of chloroferrocen@ee above Based on reason-
able agreement between the quadrupole coupling terms in 0 0 1/ \X ¢

bromobenzene and bromoferrocene, a value for this param-

eter in chloroferrocene was estimated, based on quadrupoléhe column vectors in this expression represent the coordi-
coupling in chlorobenzengRefs. 7, 8, and present analysis nates of an atom in theyz andabc systems, and the rota-
and the previously determined andle . In this analysis, it tion matrix provides the corresponding vector transforma-
is assumed that the C—Cl bond-axis quadrupole coupling tertion. See Fig. 1 for an illustration of these axes. The angle
sor in chloroferrocene is very similar to the C—CI bond-axisbetween the 2” and “a” axes is ®4. This angle depends
qguadrupole coupling tensor for chlorobenzene. The axis sysnly on the molecular structure of the given isotopomer and
tems for the halobenzenes are shown in Fig. 2. From théhe assumptions made in the structure fitting process. For the
analysis of bromoferrocene, one would expect that theré>Cl and3'Cl isotopomers, it was determined to be 53)8
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TABLE IX. Molecular parameters fof°Cl- and *'Cl-benzene obtained by differentF values. The rotational constants determined in the
fitting the spectra. new spectral fit are in excellent agreement with the previ-

Parameter 350 1| _ously publis_hed values, so t_he previo_usly published structure
is still considered to be valid. The distortion constarisg,

A (MHz)  5672.439) 5672.51) andD;, from the revised analyses are considerably differ-
B (MHz) 1576.784 38) 1532.786 2®) ent from the previously published values and are now in
C (MHz) 1233.675 7(5) 1206.575 565) X . .
eQq. (MHz) —71.234(1) — 56.144(1) better agreement with each other and with those obtained for
eQa,p—eQa (MHz) 5.1974) 4.0954) bromoferrocene.
o (kHz) 15 1.7

CONCLUSIONS

The present paper describes the first molecular structure
and 50.73)°, respectively; for thé®Br and®'Br isotopomers, measurements for bromoferrocene and only the second struc-
it was determined to be 363)° and 36.%3)°, respectively.  tural study of a substituted ferrocene in the gas phase. The

The quadrupole coupling in chlorobenzene had been prestructural fit provided parameters for the molecular structure.
viously studied in detail for the main isotopom®€l usinga  Since data on only two isotopomers were obtained, the un-
traditional waveguide microwave spectrometso the ac-  certainties in the structural parameters are fairly large. With-
curacy and precision of the quadrupole coupling parametergut further study of deuterated andA€ substituted isoto-
were not very high. For proper estimation of the off-diagonalpomers, the present structural assumptions are necessary in
elements in chloroferrocene, better information on both isoorder to keep the number of variable parameters less than the
topomers was required. About 25 lines were measured foiumber of measured rotational constants. As was observed
each isotopomer, and they are given in Table V. The resultfor chloroferrocene, the substitution of an electronegative
of fitting this data are given in Table IX. The parameteratom onto the ferrocene frame increases the metal to carbon
values are in agreement with previously published redflts. pond length in comparison to ferrocene. The Fe—CpX dis-

In order to estimateQa,;,, the values ofeQa,, and  tances for X=Br,Cl are in agreement, as are the C—C bond
eQq,, determined from the chlorobenzene data were placefbngth and the Fe—Cp distances in the two haloferrocenes.
in the xyz (C-Cl) bond axis frame of chloroferrocene and The values determined for the C—X bond lengths are in
then rotated into th@bc axes of chloroferrocene using the excellent agreement with those of the halobenzenes, which
angle®g, and the following transformation: are 1.712 and 1.8674 A for(C—Cl) and r(C-Br),

cos®, sin®; 0\ /eQq, O 0 respectively:®°
) The close agreement between the halobenzene and halo-
—sin®; cosOs 0 0 eQqy O ferrocene quadrupole coupling tensors was not expected.
0 0 1 0 0 e Qo Bonding of the Cp carbon atoms to iron certainly must per-
. turb the electronic charge distribution around the carbon at-
cos®; —sin®; 0 oms, but apparently does not have a large effect on the elec-
x| sin®g cos®; O tric field gradients at the halogen atom. The principal axis
0 0 1 system for the electric field gradient is only rotated 1-2° out
of the Cp plane due to bonding to the iron atom. For com-
0 parison to previous results published on chloroferrocene,
—| eQa,, €Qqp O chlorobenzene, and bromobenzene, the data from chlorofer-
rocene were reanalyzed using the same fitting routines and
0 0 eQCkc variable parameters as used with the new bromoferrocene
The value of® ¢ in the rotation matrices was discussed pre-data. For the halobenzenes, the principal quadrupole axes are
viously. The startingcyz quadrupole tensor elements are thealigned with the bond axes, and also the inertial axes, due to
values measured for chlorobenzene, and the final tensor their C,, symmetry. With this symmetry requirement, there
the approximate chloroferrocene quadrupole coupling tensawill be no expected off-diagonal quadrupole coupling terms,
in the principal inertial axis frame. The values ®Qq,, and  and the principal inertial axes of the molecule coincide with
eQq,, Were within 10% of the parameters determined in thethe bond axes. However, the haloferrocene inertial axes are
eight parameter fits, but theQq,, values were not as accu- significantly different from the C—X bond axes and are not
rate, due to the small magnitude of this parameter and theecessarily aligned with the principal quadrupole axes due to
fact that it has a strong dependence on the rotation angl@erturbation of the electric field gradients by the iron atom
Only the value ok Qq,;, from these calculations was used in (and the other Cp grogpTherefore, there are three separate
the new spectral fits. More consistent results were obtainedxis systems to be considered when describing the quadru-
using this procedure, with a fixed value ®Qq,,,. Inclusion  pole coupling in a haloferrocene. The values of the quadru-
of this term into the spectral fit of chloroferrocene also al-pole coupling parameters, along these various axes, are
lowed higherK states to be included in the fit, and so, addi-shown in Table VIII, along with the parameters for the cor-
tional lines were measured for inclusion in the analysesresponding halobenzenes. The first three listed values are the
Three lines from the previous spectral fit were reassigned tquadrupole coupling parameters along #igc inertial axes

eQta €Qay
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that are determined directly from the values from the spectrdiield gradients in the haloferrocenes are very similar to the
fit. The third term,eQq.., is invariant to rotation of the analogous field gradients in the halobenzenes. The small
molecule about the ¢” axis. Therefore, this term is the angle of rotation of the principal axis system out of the bond
same in both systems and will correspond to the value alongxis system indicates that the presence of #lemetal—
the x axis, which is perpendicular to the C—Br bond and incarbon bonding only slightly perturbs the electronic structure
the plane of the Cp group. Furthermore, the’“axis of the  of the C—X bond.

principal quadrupole axis system will be parallel to the&*
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